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Abstract

Interfragmentary motion (IFM) is a key factor in healing and is stimulated by the
patient's movements. To optimize the healing process of bone fractures, it is important
to understand how loads from muscle forces and rehabilitation exercises influence the
mechanical environment at the fracture site.

This paper presents a biomechanical simulation workflow designed to define patient-
specific boundary conditions using musculoskeletal simulations based on motion
capture and CT data. Our goal is to simulate patient-specific fracture mechanics across
different healing phases by creating individualized digital twin models. We use finite
element simulations to analyze local stress and strain distributions within the fracture
gap and to evaluate the bone-implant interactions. We hypothesize that we can specify
specific threshold values for fracture healing depending on the fracture type and phase,
and that personalized mechanical conditions are required for optimal healing.

Our results show that different movement patterns significantly influence the
micromechanical conditions within the fracture zone. The attached publications cover
the individual development steps towards a digital twin. Starting with a detailed
description of the creation of patient-specific simulations, through the possibilities of
patient monitoring, to the digital twin, and application examples for different patient-
specific use cases. The challenges include precisely defining the mechanical healing
window and incorporating additional biological and patient-specific factors.

Vi



Zusammenfassung

Die interfragmentare Bewegung (IFM) ist eine Schllsselgrée fir die Heilung und wird
durch Bewegungen des Patienten stimuliert. Um den Heilungsprozess von
Knochenbriichen zu optimieren, ist es wichtig zu verstehen, wie Belastungen durch
Muskelkrafte und Rehabilitationsibungen das mechanische Umfeld an der
Frakturstelle beeinflussen.

In dieser Arbeit wird ein biomechanischer Simulationsworkflow vorgestellt, der darauf
ausgelegt ist, patientenspezifische Randbedingungen mit Hilfe von muskuloskelettalen
Simulationen zu definieren, die auf Bewegungserfassung und CT-Daten basieren.
Unser Ziel ist es, die patientenspezifische Frakturmechanik Uber verschiedene
Heilungsphasen hinweg zu simulieren, indem wir individualisierte digitale
Zwillingsmodelle erstellen. Wir verwenden Finite-Elemente-Simulationen, um lokale
Spannungs- und Dehnungsverteilungen innerhalb des Frakturspalts zu analysieren
und die Knochen-Implantat-Wechselwirkungen zu untersuchen. Wir stellen die
Hypothese auf, dass wir je nach Frakturtyp und -phase spezifische Grenzwerte fur die
Frakturheilung festlegen kdnnen und dass flr eine optimale Heilung personalisierte
mechanische Bedingungen erforderlich sind.

Unsere Ergebnisse zeigen, dass unterschiedliche Bewegungsmuster die
mikromechanischen Bedingungen innerhalb der Frakturzone erheblich beeinflussen.
Die beigefugten Veroffentlichungen behandeln die einzelnen Entwicklungsschritte hin
zu einem digitalen Zwilling. Angefangen mit der detaillierten Beschreibung der
Erstellung von patientenspezifischen Simulationen, Uber die Moglichkeiten des
Patienten-Monitorings bis hin zum digitalen Zwilling und patientenspezifischen
Anwendungsfallen. Zu den Herausforderungen gehort, das mechanische
Heilungsfenster genau zu definieren und zusatzliche biologische und
patientenspezifische Faktoren miteinzubeziehen.

Vi
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Introduction

1 Introduction

Fractures of bones are a global burden in any society, for any human, independent of
age, social, or societal status. They incur very high costs for the health system. Surgical
fracture care has improved the results dramatically over the last 60 years regarding
anatomical healing and restoring function. Today, the gold standard of fracture care is
surgical treatment, i.e., open or, in an increasing number of cases, minimally invasive
reconstruction of the fractured bone and mechanical neutralization of forces and loads
acting on the fractured bone by implants such that immediate functional and
physiotherapeutic training of the injured extremity is possible. However, wide
availability is still limited to an advanced health care system. Due to the progress made,
the development of conventional implants has reached a plateau; therefore, current
efforts focus on refining details. New technological concepts, such as implants with
novel sensor technology or even technologically active components, still need to be
expanded to basic research. They will not be brought into clinical practice any time
soon. Even with all the progress in minimizing perioperative surgical trauma and
precision in planning, designing active implants, and execution of surgical stabilization,
complications like infection, delayed healing, and non-healing (non-unions) can
compromise the expected result dramatically.

Therefore, primary fracture healing and fracture non-union are the opposing ends of a
continuum, rather than precisely defined entities (1-3). Despite advances in operative
fracture care, studies report complications in up to 20% of cases, and clinicians can
expect non-healing bones (delayed unions and non-unions) in up to 10% of cases
(4,5). This complication significantly amplifies the burden of disease by extending
treatment duration and necessitating additional surgical procedures, while also placing
a substantial strain on the healthcare system through dramatically increased treatment
costs, estimated at US$25,500 for a tibial non-union in the USA (6) and between
€8,000 and €91,000 in the UK (7,8).

Fracture healing is a complex, self-organizing, multi-scale process designed to
completely restore the shape and function of a damaged anatomical structure. The
impact of mechanical stimuli on bone physiology, remodeling, and repair was first
described by Wolff's law, with Perren’s strain theory and Frost's concept of the
“mechanistic” providing the conceptual foundations for today’s surgical fracture care.
Two factors with arguably the greatest healing influence are vascularity and the
mechanical fracture environment. Fracture pattern, the type and quality of surgical
stabilization, muscle forces, and axial and bending forces from movement and
mobilization influence the latter. Claes and colleagues (9) have demonstrated that the
resulting interfragmentary movements (IFM) within the fracture have prognostic value
for healing.

Consequently, mechanical and implant-related aspects of fracture care have
dominated research and development. In 2007, Giannoudis and colleagues (1)
conceptualized fracture healing as a multi-scale and multi-domain process, such that
the biological aspects of fracture healing were the focus of clinical and laboratory
research. Nonetheless, mechanical and implant-related aspects still dominate clinical
strategies. The typical treatment today is to screw a standard-sized orthopaedic plate
to the fractured bone. These fixation plates are purely passive components. Medical
protocols usually monitor healing by taking intermittent X-rays at set intervals, which
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limits real-time insights into healing dynamics. Typically, physicians or physiotherapists
monitor rehabilitation through clinical assessments at fixed intervals. This approach
provides limited possibilities to adjust rehabilitation based on healing progress in real
time. However, every fracture is unique due to its origin, biological factors, and healing
progress. Nevertheless, treatment approaches are Ilargely standardized.
Complications like non-union are relatively common, affecting about 14% of tibial
fracture cases, with delayed intervention often extending recovery times and
increasing healthcare costs (3,10).

While clinical experience cannot be substituted or augmented by any technical device
or algorithm, understanding the mechanical performance, i.e., applying the general
laws of mechanics in a given case, is amenable to modeling, simulation, and
optimization. Recording movement during recovery provides valuable insights into how
movement affects the healing process. An important step towards personalized
simulation is the observation of movements using instrumented pressure sensors for
kinetic analysis and a motion-capturing system for kinematic analysis. Sports medicine
professionals already use these systems for injury prevention and rehabilitation.
Analyzing movement patterns helps prevent injuries and enables professionals to
closely monitor injured athletes, thereby accelerating their recovery. Experts widely
recognize movement as essential for healing after a fracture, but still need to determine
the exact amount and types of movement that best support recovery. Beyond the
medical aspects, social and economic factors are also important. Longer treatment
times increase healthcare costs, and revision treatments require additional resources.
Advanced simulation tools, including finite element (FE) models and musculoskeletal
simulations, allow biomechanical analysis of patient-specific cases. By actively
integrating such tools into the treatment period from preliminary examination and
surgery to follow-up care, patient-specific treatment plans can be created. This, in turn,
can lead to shorter recovery times and improvements in socioeconomic outcomes.
Combining personalized simulations with real-time movement data offers a more
comprehensive understanding of the healing process.

The following work aims to develop and validate a novel digital workflow that integrates
personalized biomechanical simulations with patient-specific motion capture in the
form of digital twins — a technology widely adopted in industrial settings but
underutilized in healthcare. Digital twins of patients could transform rehabilitation by
enabling personalized treatment planning, virtual examinations, and real-time
feedback systems.

This dissertation presents a novel biomechanical workflow that continuously records
and analyzes patient-specific movement data during the healing process, as illustrated
in Figure 1, to assess and simulate conditions for optimizing fracture healing. The
process begins with acquiring kinematic data (e.g., joint angles, motion trajectories)
and ground reaction forces, which, together with individual anthropometric parameters,
are fed into an inverse dynamics analysis. The outcomes of the inverse dynamics from
the musculoskeletal model (e.g., joint forces, muscle forces) are the boundary
conditions for the modeling process. The integration of electromyography (EMG) data
allows musculoskeletal simulations to be expanded and deepened. The evaluation of
computer-assisted simulations provides information about the stability of bone implants
and individual healing progress. The workflow is based on existing biomechanical and
imaging principles, combining the following aspects:
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Anthropometry

Electromyography

Inverse
Dynamics

Ground Reaction
Force

Figure 1: Biomechanical workflow with kinetic and kinematic measurement tools (red)

to accurately measure parameters in healthy individuals and patients. Analysis of the

collected data in computational methods (blue) to estimate outcomes (grey) related to
fracture healing.

1. Systematic recording and analysis of healing processes over different time
periods,

Implementation of clinical and biomechanical data in biomechanical models,

3. Integration of realistic boundary conditions, such as muscle and joint forces in
finite element simulations,

Derivation of interfragmentary movements from real patient movement,

5. Feedback of this data into a digital patient twin model.

N

s

This process chain enables early detection of healing disorders and creates the basis
for simulation-supported, adaptive therapy planning. It makes it possible for the first
time to investigate the influence of different loading scenarios on interfragmentary
movement and healing success. This approach represents a paradigmatic step
towards adaptive, patient-centered fracture therapy. In contrast to previous "fire-and-
forget" approaches, this approach provides a dynamic model of fracture healing with
personalized prognostic power.

2 Motivation

This study aims to address key questions regarding fracture healing mechanics,
particularly focusing on processes occurring within the fracture gap. Specifically, it
seeks to answer the following questions: What happens in the fracture gap? What
stresses and strains are present in this area? What individual factors influence these
processes?

The primary objective is to investigate how patient-specific conditions affect IFM and
bone-implant stability. IFM is a critical parameter for fracture healing (11), as both
external and individual factors directly influence it. The thesis hypothesis proposes

3
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testing different levels of partial loading virtually and individually quantifying their
effects on the IFM. The initial step has been the implementation of a functional
monitoring workflow for patients, with the analysis of musculoskeletal simulations. This
approach helps to identify individual factors, determine and validate a biomechanical
model, and help patients with early results by implementing patient-specific treatment
plans and rehabilitation. The final step involves identifying key parameters and creating
a functional digital process chain that combines personalized biomechanical
simulations and patient-specific boundary conditions via digital twins. The term “Digital
Twin” (DT) has widespread adoption in industrial sectors, such as aerospace and
manufacturing (12). Their application in healthcare, however, remains
underrepresented. Human Digital Twins (HDTs) are defined as ‘computer models of
humans tailored to any patient to allow researchers and clinicians to monitor the
patient's health, for providing and testing treatment protocols’ (13,14), but their
adoption is still hindered by key challenges, including ethical concerns, trust,
adaptability, and cognitive-behavioral modeling (14).

3 Clinical Relevance

Fracture healing can be a complex and lengthy process that significantly burdens
patients and society. With a lifetime prevalence of 44% in adults aged 55 years or
older, fractures remain a major public health problem. In 2019, 688.403 fractures were
registered in Germany (15). With this knowledge, it is unsurprising that orthopedic and
trauma surgeries represent a significant portion of hospital interventions in Germany,
with fracture management playing a central role. Among the various procedures, the
open reduction of multi-fragment fractures in the joint area of a long tubular bone is the
7th most common, performed 241.174 times annually. In contrast, closed reduction
with osteosynthesis ranks 14th, with approximately 171.251 cases per year (16).

The economic burden is substantial, with statutory health insurance funds reporting
expenditures of €98.1 million for femur fractures, €57.8 million for lower leg fractures,
and €35 million for forearm fractures in January 2011 alone (17). Globally, tibial shaft
fractures are among the most prevalent, with an incidence of 20 per 100,000 people
annually (18) and 492,000 cases reported annually in the United States (19). An
analysis of the national registers for the years 2004 to 2012 in the Netherlands revealed
a significant increase in extremity fractures of 26.7% (20). Functional recovery after
tibial shaft fractures is often associated with limitations in sports participation reported
by 60% of patients, restrictions in quality of life experienced by 58%, and a higher
incidence of persistent knee pain (18). Despite various treatment strategies,
complications persist. One type of complication is the occurrence of healing delays,
so-called non-unions or pseudarthrosis. In 5-10% of cases, impaired bone
consolidation leads to pseudoarthrosis, which negatively affects physical and mental
health (3,21); some sources even estimate rates as high as 20% (5). In most cases,
this leads to a delayed reintegration into everyday life and the original activity (22). To
better understand and address the biomechanical factors contributing to delayed
healing, researchers have focused on the role of interfragmentary shear in the fracture
repair process.
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Experimental studies have investigated the in vivo effects of interfragmentary shear on
bone healing (23-25), primarily in animal experiments. For example, Steiner et al. used
numerical models in sheep to show that translational shear impairs healing more than
torsional shear (26). Other experiments investigate rabbit tibia models (27) or rat
fracture healing studies to improve the characterization of interfragmentary motion
(28). The complexity of these experimental studies is evident in various reviews. For
example, Betts et al. (29) describe the mechanical regulation of bone regeneration
using theories, models, and experiments, and Barcik et al. (30) discuss the effects of
optimizing the mechanical environment on fracture healing time. The studies also show
that pure shear is not necessarily harmful to bone healing. This means that it is
important to analyze the exact strength and direction of the movements between the
fragments. This highlights the importance of precise mechanical boundary conditions
for optimal fracture healing.

4 Thesis Structure

The introductory section already provides insight into the complex question of what
influences the healing process of bone fractures and how these factors interact. This
question cannot be answered adequately by any single discipline. However, an
interdisciplinary view of the processes can provide partial solutions and explanations.

The following sections actively introduce the fundamentals of scientific research and
clinical application, while examining fracture healing through various disciplinary
lenses. We begin with biomechanics as a central interdisciplinary field that provides a
unifying framework for the topics discussed throughout this work. Biomechanics
applies the laws of mechanics to biological systems. It serves as a basis for further
introduction to other relevant areas:

e Biology: Introduction to the physiological mechanisms of bone healing phases

e Medicine: Influence on fracture movement and the effects on fracture care

¢ Biomechanics: Analysis of the interfragmentary movement and mechanical
stimulation

e Life Science: Consideration and influence of human movement during recovery
and presentation of a clinical workflow for recording movement patterns.

e Mechanics: Therapeutic framework of computer-based modeling through
numerical simulations

The end of the thesis describes the concept of the digital twin, detailing its core
elements and development phases. The digital twin is explained theoretically and in
the context of the interdisciplinary topics discussed above. The insights gained in the
individual areas are systematically linked to the theoretical foundations and
categorized in the attached scientific publications. A summary for each publication
provides an overview of the most important findings. The thesis concludes with a
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conclusion and an outlook that outlines potential future research questions and further
developments of the digital twin.

5 Biomechanics

Figure 2 presents a detailed multi-scale-dimensionality in space of a bone-implant
system. The macro level considers the entire bone implant system, where the
mechanobiological concept of fracture healing comes into play. It is based on
mechanical stimuli and interfragmentary movements (31,32), explained in more detail
in Chapter 7. The multiscale structure consists of the mesoscale, which zooms in on
the fracture gap. The micro level describes cellular structures via mesh modeling. And
finally, the sub-micro level depicts molecular and sub-cellular interactions, using

histological imagery.

Molecular aspects

Cellular level

| Fracture gap

¢ ) Bone — Implant — System

Figure 2: Multiscale structure of a bone-implant system, from the macro scale (whole
bone) to meso (fracture gap), micro (cellular), and sub-micro (molecular aspects).

6
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Biomechanics examines the movements of humans and animals from the point of view
of the laws of mechanics. Since no non-mechanical movement exists in material
systems, biomechanics examines human and animal movement through the lens of
mechanical principles. Consequently, the subject of biomechanical investigations is
the mechanical movement (change of position of mass parts) of humans and animals,
taking into account the mechanical properties and prerequisites of the locomotor
system, which are functionally dependent on the biological conditions of the organisms.
Subject areas of our biomechanics research group are:

e Quantifying IFM

e Quantifying implant bone interactions

e Assessing implant stability

e Patient-specific individualization for in vitro and in silico models

Our group uses imaging techniques, movement analysis, and musculoskeletal
modeling to individualize the estimation of joint and muscle forces. We emphasize a
holistic approach, particularly concerning the validity of our results. Consequently, in
vitro experiments using human cadaveric specimens to test forces and moments in
bones and implants are essential to our research (33).

6 Bone Healing

Fracture healing is a dynamic, multifactorial, and multistructural process.
Understanding the various influencing factors is crucial to the healing outcome.
Starting with the patient's environment, their physical living conditions, and their
socioeconomic status. On the patient side, factors such as the type and severity of the
injury, age, the kind of movement, the level of stress, existing illnesses, infections,
blood circulation, and material compatibility have a decisive effect on the healing
process. Clinically, treatment type and the physician's experience influence the healing
outcome. Treatment methods can promote healing (e.g., load-sharing implants,
bioactive surfaces, integrated sensors and actuators) or impair it (e.g., mechanical
failure, material fatigue, inadequate fixation). The interaction of all these factors
ultimately determines the duration and quality of the healing process. Regarding the
bone healing itself, five essential foundational theories provide insight into bone
regeneration:

e Wolff's law (34): Bones strengthen in density with mechanical loading and
weaken with disuse.

e Pauwels' causal histogenesis (35): Specific mechanical stimuli influence tissue
differentiation during healing.

e Frost mechanistic (36): Mechanical usage thresholds regulate bone turnover,
and stimulation is necessary to maintain bone mass.

7
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e Perren's strain theory (37): The Magnitude of interfragmentary strain dictates
the type of tissue formed.

e Claes fracture gap hypothesis (31): Micromotion at the fracture site and its role
in stimulating tissue formation.

The mentioned theories describe how the mechanotransduction process transforms
mechanical signals (mechanical stimuli) into cellular responses. The intensity,
duration, and timing of mechanical stimulation are crucial in shaping bone structure.

Figure 3 outlines bone healing as a multiphase and multiscale process comprising
various stages. At the beginning (seconds to days), a hematoma forms at the site of
injury, triggering inflammation in the early healing phase. This phase is characterized
by coagulation, proinflammatory reactions, and the organization of granulation tissue.
Preserving the hematoma is important because it triggers the inflammatory response
to create the biological environment necessary for healing. A balanced inflammatory
response regulates cell recruitment and matrix formation. If the body produces too
many inflammatory signals, healing can be delayed or disrupted. On the other hand, if
there are not enough, the body may not send enough repair cells to the injury site (38).
Subsequently, revascularization and cartilage formation occur during the soft callus
phase (days to weeks), where new blood vessels invade the area, and the enchondral
ossification process begins. Angiogenesis, the formation of new blood vessels, plays
a vital role in ensuring adequate oxygen and nutrient delivery to regenerating tissue
(39-41). The integrity of surrounding muscle tissue further contributes to vascular
supply and limits mechanical shear at the fracture site. In the next stage, the hard
callus phase (weeks), cartilage is mineralized, producing woven bone. This marks the
beginning of structural regeneration. Resorption and remodeling of the callus complete
the healing process (weeks to months). In this final phase, the cells rebuild the vascular
structures, reopen the bone marrow cavity, and reduce excess callus tissue. This
restores the original structure and strength of the bone. The biological potential for
regeneration varies significantly between individuals and fracture sites. Below are
some statements with references to literature on factors influencing bone fractures:

e Age: With increasing age, bone density decreases, and the elasticity of the
tissue diminishes (42).

e Nutrition: A lack of nutrients such as calcium and vitamin D can impair bone
regeneration (43,44).

e Gender: Women are at a higher fracture risk during menopause due to falling
oestrogen levels (45).

o Lifestyle: Smoking, excessive alcohol consumption, and lack of exercise (46).

e Diseases: Diabetes impairs fracture healing due to reduced function of immune
cells (47), and rheumatism delays fracture healing (48).
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Figure 3: lllustration of different time scales of fracture healing.

Figure 3 also illustrates the influence of biomechanical stimuli and biological responses
over time.

e Seconds Individual movements that cause mechanical stimuli between
the bone fragments (IFM, see Chapter 6.1).

e Days Various movements and, therefore, various mechanical
stimuli accumulate. Physiotherapy sessions during this phase
apply mechanical stimuli without overloading or underloading
to promote healing. The goal is to use an appropriate activity.

e Weeks Material parameters change as local tissue stiffens and callus
forms. Stimuli must be adapted accordingly.

In order to detect changes in movement patterns with increasing resilience in patients,
the individual collection of movement data during the healing process is essential. In
this context, Paper B examines the results of continuous motion recording, from the
first steps after a distal tibial fracture to complete recovery. Key parameters are
analyzed in terms of their development over time and related to the osteosynthetic
used. The effectiveness of personalized approaches, such as the concept of the digital
twin (Paper C), always depends on individual patient factors and biological processes
that can influence both the risk of fracture and the healing process.
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6.1 Interfragmentary Movement

IFM refers to the micro-movements between bone fragments of a fracture during the
healing process. Controlled IFM plays an important role in stimulating callus formation
and promoting bone regeneration. However, the influences of the extent and direction
of IFM must be considered. Excessive movements can lead to non-healing or delayed
healing. Insufficient movement, for example, due to overly rigid fixation, can inhibit the
biological processes. Effective bone healing depends not only on the occurrence of
IFM but also on appropriate IFM for the fracture type and geometry. Targeted loading
of the fracture site is crucial for healing progress. During the healing process, the bone
gradually regains the ability to bear increasing loads itself, meaning that the implant
gradually has to contribute less to load transfer, as shown in Figure 3 by the
progression of stiffness over the healing period. Several biomechanical and implant-
related factors shape the extent of the IFM, including fracture gap size and geometry
(49,50), applied load, and the stiffness of the fixation construct, which depends on the
configuration of screws and plates (including their material, restraint, and position)
(51,52).

Research, such as the studies by MacLeod et al. (53), highlights key factors affecting
IFM. Patient-specific material properties and implant-bone interface modeling play a
minor role. In contrast, the configuration of devices (placement, number, tension, and
materials), geometry, and loading conditions have a major impact on the extent of IFM.
Because of the complex interplay between geometry, load, and fixation, defining exact
thresholds for IFM remains challenging. Quantitative studies on axial IFM analyzed by
Rechter et al (54) show a high degree of variability in the interfragmentary movements
measured. Small to moderate movements of 0.03 to 1.0 mm are indicative of
successful healing, while larger movements of up to 2.4 mm can compromise the
quality of the callus. In addition, the directional component of the movement also
matters. Mardian et al (55) demonstrated experimentally that shear movement delays
healing, while axial movement can be beneficial.

6.2 Fracture Repair and Treatment

From a biological perspective, the primary goal of surgical fracture reduction and
stabilization is to create an optimal environment that supports the intricate process of
fracture healing. Whether a patient benefits from surgical treatment depends on
several patient-specific factors, such as existing comorbidities, the ability to adhere to
the rehabilitation plan, and functional expectations and needs. In addition, each patient
receives individual care throughout the entire treatment process. Another decisive
factor influencing the outcome is the choice of a suitable treatment. These decisions
are based on the clinical expertise and practical experience of the treating surgeon.
Figure 4 shows four different ways of treating a tibial fracture. Each option offers
advantages and disadvantages, but the treating physician ultimately chooses the type
of treatment based primarily on their knowledge and training.

10
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Figure 4: Different treatment variations for tibia fractures. (A) Intramedullary nail with
six screws, (B) intramedullary nail with four screws, (C) intramedullary nail with
adaptive plating, and (C) plate osteosynthesis.

Equally important is an understanding of mechanical principles to effectively control
the microscopic processes of fracture healing. Biomechanical factors are often the
primary reason for failure of fracture healing. Common complications in fracture
treatment include malalignment, delayed healing, bone failure, hardware failure, and
non-union (permanent failure of the healing process). The previous chapter discussed
biological influences on fracture healing. However, this thesis focuses primarily on
mechanical factors, as supported by the following quote.

“Fracture Repair — It is all mechanics”

(Rossiter Nigel (56))

The mechanical aspects play a critical role in successful fracture management. Key
factors include bone-implant stability, fracture stability, stress shielding, load sharing,

11
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implant stability, and implant fixation. Figure 5 illustrates the concept of plate screw
density in 2D (A) and 3D (B). The example shows that the central section over the
fracture is left without screws. The total plate screw density is therefore 50% (57). The
overarching aim of osteosynthesis is to maintain implant stability while creating
appropriate fracture stability to promote healing. However, technical errors, such as
undersizing the plate, selecting an incorrect working length (too short or too long), or
improperly applying screws, cause many plate failures. In addition, there is no
universally accepted standard for fracture treatment. Several studies have examined
how the working length of locking plates influences interfragmentary movement in
distal femur fractures (58—60). Fracture repair and treatment paper C details the topic
of fracture repair and treatment in more detail, and paper B investigates the healing
process of the case shown in Figure 4 (D) and Figure 5.
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Figure 5: Definition of the plate screw density.
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6.3 Stimulation

The following section explains the mechanical stimulation of fractures, specifically the
effects of frequency, amplitude, and the controlled application of mechanical forces on
bone healing. Ultimately, it refers to the laws defined by Wolff in section 2.2. Briefly
summarized, Wolff’s law states that bone adapts to mechanical loads by strengthening
in response to stress. One type of mechanical stimulation, dynamization, relates to
fracture treatment by reducing fixation stiffness to allow controlled micromovements at
the fracture site (11,61). A subtype of this is reverse dynamization, which alternates
between rigid and flexible fixation phases (62). Clinically, early postoperative phases
often use weight-bearing stimulation to prevent fixation failure, while actively
supporting callus stimulation. Weight-bearing grades range from "non-weight bearing",
where the leg must not touch the floor, and crutches are essential, to "touch-down
weight bearing", allowing only toe contact for balance. "Partial weight bearing" permits
a small, gradually increasing load with an ambulatory device (cane or crutch), while
"weight bearing as tolerated" allows 50 to 100% weight depending on the patient's
condition. "Full weight bearing" enables the leg to support the entire body. Current
clinical practice often advises partial or no weight bearing in the early postoperative
phase to prevent fixation failure, waiting for the callus to form.

Research on mechanical stimulation presents mixed findings (see Table 1). The major
challenge in interpreting these results lies in the diversity of their methodological
origins. Each publication uses different animal models and fixation methods, making a
direct evidence comparison impossible. Furthermore, it is unclear what the optimal
dosage of mechanical stimulus is and how individual patient-specific factors (fracture
type, treatment method, bone quality, etc.) influence it.

Table 1: Different statements to timing and impact of mechanical stimulation.

Timing and impact of mechanical stimulation

Statement: Statement
“Early is important.” “Later is preferred, while earlier is less
desirable.”
“Frequent, early postoperative “Early full weight bearing with flexible
stimulation accelerates healing fixation delays fracture healing” (64)

progression” (63)

“Early mechanical stimulation only “Early dynamization by reduced fixation
promotes timely bone healing” (65) stiffness does not improve fracture
healing” (66)
“‘Reverse dynamization accelerates “Late dynamization by reduced fixation
bone healing” (62) stiffness enhances fracture healing” (67)

13
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7 Clinical Workflow and Digital Process Chain

The clinical workflow described in this chapter complements the biomechanical
workflow presented in Figure 1, offering additional clinical context and practical
applications for each step outlined in the figure. Our established clinical workflow (see
Paper A) consists of the following steps: (I) Monitoring of the patients during the
planning and follow-up visits with a motion capturing system (Xsens™) and sensor
insoles; (lI) Transfer of the motion data into the musculoskeletal simulation system
AnyBody™ to achieve the corresponding individual muscle and joint forces, as well as
moments; (l1l) Clinical imaging of the patients, if available, via postoperative computed
tomography (CT) scans, ideally combined with a six-rod bone density calibration
phantom; (IV) Segmentation of the CT images and generation of the corresponding
adaptive finite element (FE) meshes of the bone implant systems, including the
material parameters based on the Hounsfield units and the calibration phantom via the
software Simpleware™; (V) Integration of all information from the musculoskeletal
simulation as patient-specific boundary conditions into our biomechanical FE
simulation process based on the patient-specific meshes. Figure 6 shows a typical
setup of a patient measurement using the Awinda system from Xsens™.

Figure 6: Patient measurement with a motion-capturing system and sensor insoles.
[Image: Werner Siemens Stiftung/Oliver Lang]
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7.1 Monitoring

The monitoring strategy described in this section refers to the first part of the
biomechanical workflow depicted in Figure 1. This first part includes the recording of
kinematics, ground reaction force, and anthropometry as parameters for calculating
joint and muscle forces. Monitoring generally refers to the continuous or regular
observation and recording of data or conditions. Monitoring generally refers to
continuous or regular observation and recording of data or conditions. The main
objective of this work regarding monitoring was to create a movement database for
healthy subjects and patients. The movements are dependent on the injury in question.
Precise analysis of movement patterns in fractures of the lower and upper extremities
led to the creation of parameters that identify deviations from the natural, healthy
movement profile. Many studies primarily utilize camera-based motion analysis (68),
while we used a more portable version of kinematic recording. The Xsens™ system is
a room-independent system consisting of 17 inertial measurement units attached to
strategically important body positions (69). The system proves particularly effective for
measuring patients directly in their hospital room a few days after their operation,
during their rehabilitation process, and even in their homes during daily living. Figure
7 presents knee joint angle data from a participant walking with crutches under two
conditions: one with correctly adjusted crutches (Figure 7A) and one with too-low
crutches (Figure 7B). It shows three types of knee motion: flexion/extension,
abduction/adduction, and internal/external rotation over a 15-second interval. During
flexion, the curve for crutches set too low shows an increase in the knee joint angle
above 60 degrees. In a healthy gait, the knee joint angle typically does not exceed 60
degrees during the swing phase. These higher knee joint angles indicate an additional
load, which further affects knee joint forces, as discussed in more detail in Figure 8.

A key step in the biomechanical workflow is the inverse dynamics to analyze muscle
forces, joint reaction forces, and joint moments. The software AnyBody™ enables
inverse dynamics analysis based on predefined kinematic data. For this purpose, the
workflow uses the AnyBody™ Managed Model Repository (AMMR), an open-source
database containing a wide range of anatomical and functional model components.
This allows for the creation of individualized anatomical representations of the
musculoskeletal system. The underlying muscle models are phenomenological and
based on the classical work of A. V. Hill (70). Contractile elements represent muscles.
Muscle activation is solved using optimization algorithms (71). The underlying models
and computational implementation are described in the work of Damsgaard et al. (72).
Various fields already use models developed with AnyBody™, including ergonomic
optimization (73), clinical surgical planning (74), and orthopedics (75,76).
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Figure 7: Visualization of knee joint angles during two crutch-assisted steps,
illustrating the impact of incorrect crutch adjustment on gait.
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Figure 8 shows the knee joint force data of the same participant under the same two
conditions: correctly adjusted crutches (Figure 8A) and crutches set too low (Figure
8B). The graphs present forces in three anatomical directions (anterior/posterior (blue),
proximal/distal (red), and medial/lateral (yellow)) normalized to body weight (%BW)
over time. The proximal/distal direction shows the highest and most cyclical forces,
reflecting the primary load-bearing role of the knee during walking. If the crutches are
set too low, there is an increase in force values in both the proximal/distal and
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anterior/posterior directions. The latter indicates inefficient or unstable gait mechanics.
The test subject must exert more effort to maintain balance. The stooped posture
caused by low crutch settings increases the axial knee load by approximately 20%.
This crutch example demonstrates how even small adjustments, such as crutch height,
can significantly influence kinematics. Papers B, C, and D describe the influence and
effect of motion capturing in different use cases.
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Figure 8: Visualization of knee joint forces during two crutch-assisted steps,
illustrating the impact of incorrect crutch adjustment on gait.
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A validation opportunity for joint forces is the free public database OrthoLoad™ (77).
The data collection provides in vivo joint force data collected from instrumented
implants in real patients. The database includes measurements for the hip, knee,
shoulder, and spine during everyday activities. However, it is limited to the directly
measured joint forces, without information on the involved muscular activity. Other
software tools for musculoskeletal modelling are OpenSim™ (78) or 3R-BioMedicUS™
(79). All tools enable a more comprehensive analyses that include muscle forces.

In addition to kinematic motion capture, it is also possible to record kinetic data. This
is particularly important in patients with lower limb fractures and their healing progress.
As described in Chapter 5.6, partial weight bearing during the initial healing phase
significantly influences the mechanical stimulation. Measuring insole sensors are
essential to capture this partial weight bearing accurately (80). Paper C analyzes the
development of kinetic parameters over a 12-week healing period. Figure 9 shows two
systems used for force measurement: Figure 9A displays the values from the force-
measuring insoles, while Figure 9B shows the contact forces recorded by the loadpads.
During the monitoring, participants wore insoles that measured ground reaction forces
inside their shoes. At the same time, capacitive sensors in the form of loadpads
equipped the crutches. The loadpads measure contact forces between palms and
crutches. Data collection occurred simultaneously, which explains the structure of
Figure 9: 9A emphasizes the insole force data, while 9B focuses on the concurrently
recorded contact forces from the loadpads. The insole data for the left foot (reference
leg) shows a characteristic double-peaked curve corresponding to the stance phase of
the gait cycle. An initial upward acceleration of the body’s center of gravity is needed
to move the trailing leg past the reference leg, leading to the first peak, where the
ground reaction force exceeds body weight. A minimum follows as the body
accelerates upward. A second upward force occurs to prevent further descent of the
center of gravity, producing the second peak in the force curve.

In contrast, the force curve for the right leg differs significantly due to offloading with
the crutches. Under normal, healthy conditions, the force curve of the right leg would
resemble that of the left. Figure 9B focuses on the loadpad data as the primary signal
(dotted lines), while the insole data appears in the background as a reference. The
loadpad results for the left (dashed red) and right (dashed blue) contact range between
200 and 400 N. It is also clearly visible that the force values from both loadpads occur
simultaneously, indicating a three-point gait with crutches, where both crutches are
placed on the ground first, followed by the movement of the leg intended for relief. The
loadpad measurements align with the stance phase of the right leg. The crutches
actively support the portion of body weight that the injured leg cannot—or should not—
bear during the stance phase, especially in cases where partial weight-bearing is
prescribed.
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Figure 9: Force measurements over time using instrumented insoles and loadpad
sensors.
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7.2 Computational Models

The computational modeling processes correspond to the second part of Figure 1,
which applies individualized boundary conditions and finite element simulations. The
simulations use musculoskeletal outputs as boundary conditions to analyze the IFM
and stress distributions of the osteosynthesis. The finite element method (FEM) is a
numerical calculation method for the approximate solution of problems from different
areas, for example, in mechanical applications, vibration, and stability analyses.
Further evaluations address failure predictions and material fatigue (81). In a clinical
context, researchers can use FEM to optimize implant designs, reconstruct fracture
segments, or evaluate implant configurations. Furthermore, it is possible to analyze
the effect of physiological boundary conditions on the bone-implant system. The
process of a finite element calculation consists of the following parts:

e Definition of the task

e Creation of a mechanical model (idealization of the geometry, material
properties, bearing, and load)

e Preprocessing: Discretization

e Calculation: Setting up a system of equations and solving for system variables

e Post-processing: Presentation of results and evaluation

e Control: plausibility check, experiments.

The discretization process utilizes finite elements. Possible shapes of these elements
are triangles, squares, tetrahedra, hexahedra, and other geometries. Each element
has a node at each corner, which acts as a connecting point for neighboring elements.
Together they form a continuous mesh. However, higher-order elements may also
include mid-side or internal nodes (82). The separation of a continuum into finite
elements enables numerical approximations of desired results such as stress, strain,
and deformation. FEM models must take control points into account to ensure reliable
results. The greatest source of error originates from inadequate model creation and
incorrect operation of the FEM software. For this reason, error checking imposes
various requirements on an FEM model. The following criteria are especially relevant
when assessing model design:

e Appropriate: Does the model address the question/problem? From a
biomechanical point of view, for example, is the simulation tailored to the
specific issue, such as evaluating interfragmentary movement or optimizing
implant placement?

e Reliable: Are the results reproducible under identical conditions to ensure
consistency and dependability?

e Valid: Does the simulation quantify the intended mechanical properties and
behaviors?

20



Clinical Workflow and Digital Process Chain

e Relevant: Can your target audience (engineers, researchers, or surgeons)
recognize and interpret the result?

Figure 10 presents the process diagram of a simulation framework in a biomechanical
context. It outlines the key steps for setting up a FEM simulation with individualized
adaptations. The flowchart illustrates a model credibility assessment framework that
begins with the question of interest, which in turn leads to the initial model proposal.
After defining the application of the model, its influence, and how validation and
verification should be conducted, it proceeds to the credibility activities. The model risk
in the initial model proposal depends on the model influence, the importance of the
simulation factor for later decisions, and the decision consequence, which is the
significance of a statement with wrong predictions. Two parallel frameworks are
presented in this section, interacting through calibration and adjustment using realistic
patient-specific data and input sharing, which enables model modification based on
experimental results. Following that is the verification, validation, and applicability
section:

e Verification confirms the correct implementation of the computation model,
ensures adherence to its mathematical formulation, and verifies that the
numerical algorithms converge to the proper solution.

e Validation involves comparing the model's predictions with in vitro (e.g., human
cadaveric specimens or animal experiments) or in vivo (e.g., clinical trials)
findings to establish its accuracy and reliability in representing the actual
physical systems.

e Applicability ensures that the context of use is in context with the evaluated
validation points.

The possible outcomes are shown at the end of the flowchart in Figure 10. If the
evaluation is positive, the model under investigation can be used in the intended
application. If, on the other hand, the results are unsatisfactory, the test steps
performed must be adjusted. This may include, for example, refining the model or
optimizing the test setup. The procedure is based on the ASME V6V 40-2018 standard
(83), as there is no comparable guideline in Europe to date.
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7.3 Segmentation Process and Material Parameters

The segmentation and material mapping in this chapter refer to the second part of
Figure 1, which involves integrating clinical imaging into biomechanical models. By
deriving patient-specific geometries and bone properties from CT data, this stage
provides the structural foundation for accurate simulation outcomes. Our working
group uses Simpleware™ version V-2024.06 to process patient CT data.

The underlying geometric models of the patients form the basis of all simulations, i.e.,
the virtual representation of the virtual twin. Here, the quality of the clinical image data
directly determines the degree of individualization. In the best-case scenario, a
postoperative CT scan is available that shows the entire fractured and surgically
treated bone, allowing a fully personalized three-dimensional (3D) model of the patient
using a semi-automatic segmentation process. However, data of this quality and scope
are rarely available. The image data available for a patient range from preoperative X-
ray images or CT scan data, which provide a partial or complete view of the fracture,
to various types of image data captured intraoperatively during surgery, and to
postoperative X-ray images at different time points (patient follow-up) or CT scans
when clinically necessary.

To achieve the goal of a model as individualized as possible for a patient, the existing
two-dimensional (2D) and/or 3D image data are segmented, and the corresponding
anatomical landmarks are identified. A common model then registers the segmented
data. During segmentation, the system creates masks from the volumetric 3D data.
These masks act as segmentation labels, applied to the voxel-based representation of
the 3D data. Each voxel (= 3D pixel) in the dataset is assigned a label indicating
whether it belongs to a particular structure, material, or region of interest. The multi-
mask system enables the simultaneous creation and management of multiple masks,
which is useful for differentiating between different anatomical areas and materials.

Figure 11 illustrates the comprehensive process for generating a finite element mesh
with a personalized bone mineral density distribution derived from medical imaging.
The example CT scan shows a tibia with an intramedullary nail, a fibula with plate
osteotomy, and a calibration phantom. The semi-automatic segmentation process
assigns masks to individual materials, represented in gray for metallic artifacts, light
yellow for bone, red for fractures, and brownish for calluses. The transparent 3D
representation illustrates the individual areas in detail. The segmentation process
requires the following steps:

1. Start a new project from DICOM images.
2. Image processing
e Threshold: Perform segmentation based solely on lower and upper
grayscale boundaries.
e Morphological close filter: Merge fine structures and add connectivity
to the mask.
e Cavity filter: Removes small holes while preserving the marrow as a
cavity within the segmented bone.
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e Smoothing and removing artifacts from the data: The mask keeps
the grayscale background information to generate more accurate and
faithful surfaces.

These steps are necessary for all masks. Additional image processing options, such
as painting or erasing an active mask, are available, utilizing smart grayscale selection
algorithms or Boolean operations.

The next step involves mesh generation and materials assignment. The output
includes volume meshes of various sizes and their respective material properties. The
system incorporates all masks required for the subsequent finite element model. Figure
11 also shows a cross-section through the distal part of the tibia depicting the
tetrahedral high-resolution adaptive volumetric mesh. The model configuration area
defines settings for the following points:

¢ Volume meshing: Settings to define the desired element type (tetrahedra, linear,
or quadratic) and the mesh density.
e Materials: Settings for the material type are placeholder, homogeneous, or
grayscale-based.
o Bone: Material type: grayscale based
o Material properties based on the image intensity: Higher grayscale values
correspond to a greater material modulus. Material properties are created
by setting up mapping functions from greyscale to mass density, then the
mass density to Young's modulus and Poisson’s ratio.
e Define node sets: Create custom node sets using the region of interest to set up
boundary conditions in the finite element simulation tool.

The color coding then ranges from material with a lower modulus of elasticity (blue)
to material with a higher modulus of elasticity (red), as is visible, for example, in the
cortical bone.

In summary, segmentation and material assignment are important preprocessing steps
to ensure anatomical accuracy. Currently, this step is very time-consuming, as only
semi-automatic segmentation is possible. Automatic segmentation currently only
works on healthy bones, and even then, only in certain areas. Another major factor is
subjectivity: our models are always created in consultation with the treating physician.
Nevertheless, there may be slight deviations between the generated model and the
actual anatomical situation. Accurate reconstruction of the fracture pattern is
particularly difficult when image quality is poor and image spacing is large.
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Figure 11: Segmentation process and high-resolution adaptive FE mesh.

25



Clinical Workflow and Digital Process Chain

7.4 Boundary Conditions

The boundary conditions have already been mentioned several times in the previous
chapters. The more precisely the boundary conditions are specified, the more accurate
the result will be. The quality of boundary conditions determines the precise
presentation of reality. Studies on this topic demonstrate the impact of boundary
conditions on in vitro (84,85) and in silico results (563,86). We utilize patient-specific
joint and muscle forces derived from musculoskeletal simulations based on motion
data. Figure 12 illustrates an example application of biomechanical boundary
conditions for a tibia, with load settings from musculoskeletal simulations.

The modeling process starts with the anatomical geometry and customized node sets
defined at the distal and proximal ends of the tibia using the segmentation software
Simpleware™. To replicate physiological loading conditions, joint reaction forces
calculated during the gait cycle act in the x, y, and z directions (Fx, Fy, Fz) at the
proximal end of the bone. The selected forces are distributed to the proximal nodes
and scaled relative to body weight. The distal node set restricts all directions of
translation (U; = U, = U; = 0). Mesh and boundary conditions are implemented and
visualized in Abaqus™. This example refers to a tibia. Depending on the bone and the
specific problem, the boundary conditions are applied differently (see Paper C). The
configuration allows it to simulate both static forces and full load cycles as motion
sequences, making it possible to analyze effects such as the impact of a step or every
other relevant movement on the fracture gap. Paper C discusses the application of
boundary conditions to different fracture types on the lower and upper extremities.
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Figure 12: Application of boundary conditions using the example of a tibia with node
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distally.
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Further developments on boundary conditions focused on incorporating muscle
attachments. The idea is to recreate physiological conditions where muscle tension
and the joint forces together form the boundary conditions. Figure 13 illustrates the
workflow setup for this purpose.
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Figure 13: Workflow to implement muscle origin and insertion points as boundary
conditions.

The greatest challenge is to harmonize the muscle attachments with the patient-
specific geometries and incorporate variations related to fractures and implants. The
results of an applied workflow, as shown in Figure 13, are presented in Figure 14.
Panel A shows the tibial bone geometry with 180 coupling constraints applied via
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Coupling Continuum Distribution (CCD) elements. The model connects these
constraints to anatomical landmarks that correspond to muscle groups and joint
reactions (labeled A-V). Each force is applied as a concentrated load with a defined
direction and time-dependent amplitude. Inset views magnify the distal tibia region,
showing detailed placement of muscle and joint force vectors, including the ankle
reaction and flexor/extensor muscles of the foot and toes.

Panel B displays the von Mises stress distribution within the tibia, as calculated by the
FE analysis. The stress values are in Pascals, consistent with using meters as the unit
of length in Abaqus™. The color scale visualizes the von Mises stress, with warmer
colors (e.g., red and orange) indicating higher von Mises stress. This representation
visualizes areas where the attacking forces exert different influences.

The presented modeling approach, which includes muscle-driven boundary conditions
via CCD elements, is published in Paper D, which applies the principles in simulating
a custom-made temporomandibular joint.
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A Knee reaction

B Biceps femoris muscle
- Semimembranosus muscle
DY Popliteus muscle

FE» Gracilis muscle

- Soleus muscle

&) sartorius muscle

- Patella movement

- Semitendinosus muscle
[0 Tensor fasciae latae muscle
- Gastrocnemius lateral head

-‘ B

L

S, Mises

(Avg: 75%)
+5.877e+07
+2.090e+07
+7.435e+06
+2.645e+06
+9.408e+05
+3.346e+05
+1.190e+05
+4.234e+04
+1.506e+04
+5.357e+03
+1.906e+03
+6.778e+02
+2.411e+02

Gastrocnemius medial head
Fibularis brevis muscle

Fibularis longus muscle

Tibialis anterior muscle

Tibialis posterior muscle

Flexor hallucis longus muscle
Flexor digitorum longus muscle
Ankle reaction

Center of mass

Extensor digitorum longus muscle

Extensor hallucis longus muscle

Figure 14: Muscle attachments with muscle groups and joint reactions labeled A — V

(A) and the corresponding von Mises stress result (B).

30



Digital Twin

8 Digital Twin

The term "Digital Twin" is based on Dr. Michael Grieves's idea and subsequent concept
(87). The National Aeronautics and Space Administration (NASA) later popularized the
term by using the concept of spacecraft maintenance and analysis in space. A digital
twin is a virtual representation of a physical object, system, or process. This digital
copy can be useful to analyze, simulate, and predict outcomes without the need of in
vivo testing. The main aspect of "Digital Twins" is real-world data as input. The digital
twin is widely utilized in manufacturing, aerospace, and smart cities, and it also holds
significant potential for the healthcare sector. The creation of a digital twin follows
various development stages that build on each other and require the fulfillment of key
foundational definitions.

1. Virtual Twin:
a. Patient-specific anatomy
b. Fracture modelling
c. Implant visualization
d. Surgical planning
2. Connected Twin:
a. Real-time monitoring
b. Sensor-integrated implants
c. Patient compliance tracking
d. Healing rate evaluation
3. Predictive Twin:
a. Predictive analytics
b. Healing trajectory modeling
c. Risk stratification
d. Delayed healing forecasting
4. Prescriptive Twin:
a. Machine learning
b. Rehabilitation optimization
c. What-if simulation
5. Autonomous Twin:
a. Al-driven intervention
b. Autonomous adaptation
c. Continuous improvement

Our research group has made considerable progress in creating a digital twin. Paper
C focused in detail on implementing the first two stages of development. Paper A
connects these initial stages 1 and 2 by thoroughly describing the creation of patient-
specific geometry, the integration of real-time monitoring, and potential applications in
surgical planning. Paper B emphasizes patient compliance tracking options. Paper C
summarizes experiences across five use cases and explores the possible applications
in various treatments.
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9 Summaries of Appended Papers

Paper A:

Paper A presents the development of an individual postoperative and preoperative
workflow for patients with fractures of the lower extremities. The workflow combines
clinical imaging, patient monitoring, finite element modeling, and musculoskeletal
simulations to analyze fracture healing. The integration of patient-specific data
supports early detection of delayed healing and tailor-made postoperative treatment
plans. The results show how personalized movement influences interfragmentary
movement, implant stability, and fracture healing.

Paper B:

Paper B demonstrates how sensor insoles and motion capture can effectively monitor
recovery in patients with distal tibial fractures. After revision surgery, the patient was
monitored for 12 weeks, from his first attempts at walking to full recovery. The results
show that easily evaluable parameters such as cadence, imbalance, and ground
reaction force can be used to track healing progress. The results make it possible to
detect deviations at an early stage, support individualized rehabilitation, and improve
clinical outcomes.

Paper C:

Paper C examines the use of clinically informed digital twins to manage fracture non-
unions and plan revision surgeries in orthopedic trauma care. By integrating imaging,
motion capture, and patient-specific data, digital twins allow virtual testing of treatment
strategies, such as implant variations, to optimize mechanical conditions for healing.
The approach supports both pre-surgical decision-making and post-operative
assessment, offering a promising tool for personalized surgical planning.

Paper D:

Paper D compares academic and industrial simulation processes for customized
temporomandibular joint prostheses. Finite element analyses were performed for both
methods based on a real patient case. In addition, physiological boundary conditions
were applied through the use of muscle attachments. This work shows that academic
simulations can effectively support research and design of temporomandibular joint
prostheses.
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10 Conclusion and Outlook

Future efforts must explore how to further integrate biomechanics into the surgical
fracture care process. Anticipating the interaction between an implant and the dynamic
fracture healing process remains a significant challenge. The main reason for this
challenge is that, on the one hand, mechanical and biological processes at the micro
level promote fracture healing. On the other hand, however, factors at the macro level,
such as the choice of treatment method or the load, also have a significant influence
on the process. Several factors make it difficult to identify precise parameters and set
limits for optimal fracture healing. As a result, personalized, software-based
biomechanical analysis and simulation represent a meaningful advancement toward
bridging this gap. However, further development is necessary to bring such an
approach into clinical practice. Specifically, the optimization of algorithms to deliver
patient-specific simulations and insights quickly enough to fit into routine surgical
workflows, enabling real-time or near-real-time decision support at the point of care.

This thesis, titled “Biomechanical Simulations of Fracture Gap Movement”, investigates
the impact of boundary conditions on the mechanical behavior of the fracture gap. A
central question of this work concerns the necessary degree of individualization. How
patient-specific should the simulation be, and where can standardized assumptions be
used without compromising accuracy? The different publications of this dissertation
are the first attempt to answer these questions. But there is still a need for
comprehensive sensitivity studies to provide a final answer. Regarding the
development of the digital twin and standardizing assumptions, the motion capture
systems enable the analysis of a broader range of real-world boundary conditions.

Despite promising developments, accurately modeling IFM remains the primary
challenge. Mechanically, a fracture disrupts the bone's structural integrity. The main
treatment goal is the restoration of load-bearing capacity. Critical mechanical factors
in this process include micro-movements determined by the stability of the fixation,
mechanical stimulation due to stress, and the influence of stress shielding. Finite
element simulations can provide information about the stress and strain distribution at
the fracture site. Finite element simulations can provide insights into stress and strain
distribution at the fracture site. However, there are still gaps in our knowledge regarding
biological responses at the cellular level, specifically, which mechanical stimuli are
beneficial or harmful to healing. Currently, only animal studies provide information on
these processes, such as those by Perren (88) and Claes (89). The transferability of
the conclusions to clinical scenarios in humans is limited. Although the potential of
biomechanical simulations is promising, it is difficult to gain trust and acceptance in an
interdisciplinary environment. In surgical practice in particular, simulations are
perceived by many as opaque “black boxes” — complex, inaccessible tools whose
functioning is difficult to understand. Several factors cause this skepticism. One factor
is whether the results are realistic enough. Others regarding the validations. Both
points are fundamental challenges in researching living subjects. In cases such as
fracture movement during healing, validation may not be feasible, as no definitive
solution exists for verifying the internal processes involved.
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Transparency, experimental validation, a clear explanation, and a comparison with real
clinical data are essential to overcome this barrier. Building trust also requires a
continuous dialogue between engineers and clinicians to ensure that the simulations
meet scientific standards and have clinical applicability.

11 Ethical Statement

The study was conducted under the Declaration of Helsinki and approved by the Ethics
Committees of the University of Tuebingen (Protocol codes 317 and 318/2022B0O2).
Informed consent was obtained from all subjects involved in the study. The studies
involving human participants were reviewed and approved by Ethical Approval was
obtained from the IRB of Saarland Medical Board (Aerztekammer des Saarlandes,
Germany, application number 30/21). Informed consent was conducted according to
the Declaration of Helsinki. The study is part of the project Smart Implants 2.0 —
Weight-bearing and Gait Observation for Early Monitoring of Fracture Healing and
Individualized Therapy after Trauma, funded by the Werner Siemens Foundation. It is
registered in the German Clinical Trials Register (DRKS-ID: DRKS00025108). The
patients/participants provided their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.
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ARTICLE INFO ABSTRACT

Keywords:
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Background: The individual assessment of the postoperative healing situation contributes significantly to
detecting healing disorders, ensuring the mechanical stability of implants, and planning revision surgeries.
Methods: Our established workflow consists of the following steps: (1) Monitoring of the patients during their
treatment course with a motion capturing system as kinematic and sensor insoles for the kinetic gait analysis, (2)
transfer of the motion data into the musculoskeletal simulation system AnyBody™ to achieve the corresponding
individual muscle and joint forces. (3) Clinical imaging of the patients via postoperative computed tomography
scans, ideally combined with a six-rod bone density calibration phantom. (4) Segmentation of the CT images and
generation of the corresponding adaptive finite element meshes of the bone-implant systems, including the
material parameters based on Hounsfield units and calibration phantom via the software ScanIP™. (5) Based on
the patient-specific model, all information from the musculoskeletal simulation and gait analysis is transferred to
our biomechanical simulation process as patient-specific constraints.

Findings: This workflow allows us to simulate individual patient models based on their respective actual motion
data over their treatment course. Thus, pathological processes that may lead to non-healing fractures can be
detected early after surgery and prevented by adapting the postoperative treatment protocol. Furthermore, it is
possible to understand the forces that affect the fracture and its healing process permanently in more detail.
Interpretation: The findings demonstrate that the individual motion parameters and fracture morphology influ-
ence the local healing parameters and create individual weight-bearing recommendations.

Finite element simulation
Musculoskeletal simulation
Patient-specific

indirect treatment costs that are ten times that amount (Hak et al.,
2014). The development of delayed healing depends on many factors

1. Introduction

Certain areas of the skeleton are prone to fracture healing problems
for anatomical reasons, i.e., the tibia or the femur. Tibia fractures are a
common orthopedic trauma entity (Court-Brown and Caesar, 2006).
Bone healing disturbances are a challenge for the physician, a consid-
erable economic burden for society, and highly irksome for the patient.
Impaired fracture healing significantly affects a patient’s life, causing
pain, reduced mobility, repeated hospitalization, and additional sur-
geries (Pountos et al., 2013). In addition to the significant impact on the
health of affected individuals, they result in substantial direct treatment
costs, estimated at about 12,000 Euros per patient, and additional

that often cannot be adequately influenced once the fracture has
occurred (Bishop et al., 2012). Multiple factors influence the healing
process, including individual characteristics, gender-specific aspects,
and various parameters associated with the fracture pattern, fixation
methods, mechanical loading, and activity levels (Peter Augat et al.,
2005; Claes and Heigele, 1999; Dijkman et al., 2010; Warmerdam et al.,
2024). Even modern surgical stabilization and aftercare concepts are
based on traditional, highly standardized protocols. These include fixed
follow-up intervals, outpatient visits, and radiographic examinations,
although these techniques already showed low sensitivity and specificity
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Fig. 1. Illustration of the workflow for the kinematic and kinetic gait analysis.

regarding biological fracture healing (P. Augat et al., 2014; Ganse, 2024;
Ganse et al., 2022). Understanding that the mechanical stimulus is a
crucial quantity in fracture healing, two main variables influence it: the
surgical stabilization and the rehabilitation protocol, both in combina-
tion with the patient’s activity level in daily life. Numerical modeling
and computer simulations have become increasingly important in
analyzing the mechanical factors influencing fracture healing (Dahmen
et al., 2015; Ghiasi et al., 2017; M. Roland et al., 2015; Michael Roland
et al., 2024; Tjardes et al., 2014; Wickert et al., 2024; Wriggers and
Zavarise, 2011). The decisions regarding follow-up management heavily
rely on clinical imaging conducted at specific intervals during the weeks
and months following the fracture. Equally significant is the personal
experience of the trauma surgeons, resulting in a knowledge gap con-
cerning the patient’s ongoing healing process. Despite the potential and
advantages of integrating (musculoskeletal) modeling and simulations
into clinical applications, their utilization in standard clinical practice
still needs to be improved. The lack of integration stems from multiple
factors, including challenges related to seamless integration at the point
of care, expertise in usage and interpretation, resource-intensive
frameworks, and, in some cases, limited awareness of the additional
value they can provide (Killen et al., 2020).

Our workflow can determine the mechanical environment of fracture
fixation calculate implant stresses, interfragmentary movement, and the
resulting fracture strain. Critical mechanical boundary conditions for
fracture healing can be determined concerning individual loading pa-
rameters. Based on this, individualized treatment recommendations
during the early postoperative phase in lower leg fractures can prevent
implant failure and non-union development. With this study, the
mobility of the adjacent joints of our patients can be mapped in all cases,
and the joint analysis with the patient, an individual follow-up treat-
ment procedure can be determined with special consideration of the
patient’s functional deficits and individual needs. Efforts to increase
“patient involvement” can also be mapped with this system via a direct
feedback option within the measurement framework. We then define
patient-specific boundary conditions via musculoskeletal simulations
based on motion-capturing data to realize a high degree of individual-
ization in the virtualization process. The software is already established
on the upper and lower extremities and validates different purposes and
movements (Bassani et al., 2017). Several recent studies emphasize the
role of simulation-based approaches in fracture treatment, demon-
strating the effectiveness of personalized treatment strategies
(Maisenbacher et al., 2024; Saravi et al, 2021). Although

personalization and individualization of therapy and care through vir-
tual or digital workflows are promising trends in the digitalization of
healthcare (Lauer-Schmaltz et al., 2022), and a growing number of ar-
ticles are being published on this topic, to date, no specific framework
for the design of a digital process chain, particularly in the field of
rehabilitation (Barricelli et al., 2019). Despite these advancements,
challenges remain in integrating these technologies into routine clinical
workflows and the clinical data of real patients (Aubert et al., 2021;
Schwarzenberg et al., 2019).

We aimed to establish a patient-specific treatment workflow to
determine the mechanical fracture environment and allow for an esti-
mation of its healing potential from the clinical data of real patients. The
findings of this analysis demonstrate that it is possible to collect data for
individually adapted implants and to create individual loading
recommendations.

2. Ethical statement

The studies involving human participants were reviewed and
approved by ethical approval obtained from the IRB of Saarland Medical
Board (Arztekammer des Saarlandes, Germany, application number 30/
21). Informed consent was conducted according to the Declaration of
Helsinki. The study is part of the project Smart Implants 2.0 — Weight-
bearing and Gait Observation for Early Monitoring of Fracture Healing
and Individualized Therapy after Trauma, funded by the Werner
Siemens Foundation. It is registered in the German Clinical Trials Reg-
ister (DRKS-ID: DRKS00025108). The patients/participants provided
their written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the publica-
tion of any potentially identifiable images or data included in this
article.

3. Methods

Individual post-operative treatment is a combination of five different
methods. The first point is patient measurement. The analysis of the
recorded data then follows, distinguishing between kinematic, kinetic,
and physiological gait parameters. The third section deals with muscu-
loskeletal simulation. The segmentation and simulation work packages
complete the workflow. The construction of a three-dimensional model
of the treatment situation uses post-operative CT scans in an image
processing and computer-aided design system. Resulting forces,
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computed in a simulation-driven workflow based on patient monitoring
and motion capturing, were used to simulate the mechanical fracture
environment.

3.1. Patient monitoring

The inquiry of the method uses Xsens™ (Movella Technology B.V.,
Enschede, Nederland) for motion capturing as kinematic analysis and
sensor insoles (Moticon™, ReGo AG, Munich, Germany) for the kinetic
gait analysis. Besides that, the physiological gait parameters, such as gait
line and center of pressure, are analyzed. The patient measurement is
repeated after 6 and 12 weeks after the surgery to monitor the complete
healing process. The measurement proceeds as follows: First, the sur-
geon decides whether a patient may be considered for the study by
analyzing the pattern of injury using initial X-rays and CT images. If
patients sign the informed consent form, the gait analysis with the two
systems starts shortly after the surgical intervention, depending on the
patient’s mobility level. The two systems are used simultaneously during
the measurement taken during physiotherapy. By this means, the patient
learns to walk and take stairs in consideration of the prescribed limited
gait load by using crutches. Representation of all measurement systems
and their interrelationships (Fig. 1). On the left, a subject is shown
wearing the Xsens™ Link suit, followed by the associated avatar.
AnyBody™ (AnyBody™ Technology A/S Aalborg, Denmark) then uses
the motion data as input to analyze the forces acting on the tibia, which
here would be the knee and ankle joint forces. The upper right corner
shows the musculoskeletal avatar of the whole body. The Moticon™
insoles can be seen at the bottom right. With the built-in pressure sen-
sors, the load during walking can be recorded and evaluated.

With the Motion Capture System from Xsens™, tracking movements
and creating a full-body movement image is possible. In addition, joint
angle data, center of gravity, and other sensor data can be determined.
One advantage of this system is that cameras are not necessary, as is the
case with marker-based gait analysis. Another advantage of Xsens™ is
that it is a portable system that allows measurements to be made outside
a laboratory and in the patient’s everyday life. The system consists of 18
trackers, 17 attached to the body, and one serves as an additional prop.
The trackers are placed strategically on the body by straps to measure
the motion of every segment. These trackers are called MTw for short,
which stands for wireless motion trackers. These miniature inertial
measurement units include:

¢ a 3D magnetometer to measure the 3D earth magnetic field,
e a 3D velocity gyroscope to measure 3D angular velocity,

e a linear accelerometer to measure the 3D acceleration, and
e a barometer for measuring atmospheric pressure.

The output is the kinematics of each segment, i.e., the position, ve-
locity, acceleration, orientation, angular velocity, and angular acceler-
ation. Each tracker transmits its raw data to the software, which is
passed through a data filter. This raw data is then projected onto a
biomechanical model. The biomechanical model leads to a digital per-
son, an individualized avatar whose movements correspond to the test
person. The final tracker serves as a prop. This additional tracker can be
used, for example, to bring a walking aid or other object into the system.
MATLAB™ uses the direct export from Xsens™ to evaluate the motion
data, for example, extension/flexion, rotation, and external rotation
angles of the hip, knee, and ankle joints. The data is also used as motion
data for musculoskeletal simulation.

Another tool for analyzing stress scenarios is the Moticon™
measuring sole for gait analysis. They are self-sufficient measuring in-
soles with the following features:

e sixteen pressure sensors,
e an acceleration sensor and
e and a temperature sensor.
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Fig. 2. Segmentation with ScanIP™ (A) and simulation of the von Mises stress
(B and C).

The protruding instrumentation allows the ground reaction force to
be measured. It also measures the pressure distribution in the contact
zone between foot and ground, and the 6-axis inertial measurement unit
allows the analysis of velocity, position, pressure distribution, center of
pressure, and various other parameters. The soles allow the analysis of
stride length, gait speed, distance covered, pressure distribution, and
other gait cycle parameters. The evaluation of the sole data produces a
gait analysis. The visual analysis of the pressure distribution in both 2D
and 3D is of interest. This makes it possible to visualize the pressure
loads in different foot areas. Other gait parameters, such as the gait line
and the center of pressure, can also be evaluated graphically.

3.2. Musculoskeletal model

After the data acquisition, values are implemented into the software
AnyBody™ to analyze the joint and muscle forces by creating a digital
avatar of the subject. It is a musculoskeletal model system for the
biomechanical simulation of reactions within the human body and be-
tween the body and the environment. Again, the primary body data is
essential for accurate simulation, as it allows the user to adjust the
height, weight, and segment lengths to suit the subject. The motion data
previously recorded by Xsens™ is used to create the model.

3.3. Computer tomographic images and segmentation
The simulation process consists of three main stages:

1. The generation of a geometric model using clinical imaging

2. The calculation of individual biomechanical parameters derived
from patient monitoring

3. The execution of the final finite element simulations and subsequent
analysis of the mechanical data

The segmentation of the CT Images to generate a geometric model
based on clinical imaging takes place with the model generation soft-
ware ScanIP™ (Synopsys, Mountain View, CA, United States). The
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image-processing chain uses a sequence of algorithmic steps semi-
automated to create a geometric model. It begins with a DICOM image
stack from the patient’s post-operative CT scan and a six-rod bone
density calibration phantom (QRM-BDC/6, QRM GmbH, Moehrendorf,
Germany). The images are segmented into different masks for the
implant, fracture gap, and bone using an adaptive thresholding tech-
nique based on the calibration phantom. Applying a morphological
closing filter with isotropic values and smoothing the mask using a
recursive Gaussian filter with anisotropic values enhance this process.
Subsequently, the segmentation process includes island removal, cavity
filling, and gap filling, executed in a prioritized order for each
segmented mask. The process results in high segmentation quality with
no detectable issues. Additionally, orthopedic trauma surgeons manu-
ally reviewed the segmentation results for the fracture gap and made
corrections as necessary.

This process results in patient-specific bone Geometry (Fig. 2) and
distribution of the different threshold values, which a further step maps
to the material parameters. Computed tomography data sets are sub-
jected to a segmentation procedure. After finishing the segmentation
and reconstruction process, the next step involves generating a high-
resolution adaptive mesh from the individual masks.

The team assigned homogeneous materials with standard properties
from the literature to the masks of the treatment, the corresponding
screws, and the fracture gap. The treatment, such as implants or inter-
dental nails, uses the existing material parameters. The fracture gap has
values of 3 MPa for Young’s modulus and 0.4 for the Poisson ratio
(initial connective tissue) based on (Claes and Heigele, 1999). Material
properties concerning the calibration phantom defined the bone mask to
derive an empirical elasticity-bone density relationship. For this pur-
pose, the process first involved analyzing the histogram of the individual
segmented rods. Then, linear regression mapped the Hounsfield units
(HU) to the hydroxyapatite values from the calibration phantom. This
mapping provides the basis for the gray-scale-dependent definition of
the material parameters representing local bone properties (Rho et al.,
1995; Zannoni et al., 1998). Here, an isotropic heterogeneous material
was assumed, having a different value for Young’s modulus and a fixed
value for the Poisson ratio.

The resulting finite mesh represents the individual patient’s fracture,
including the implants initially used to fix the fracture. Geometric
modeling is based on an image processing chain of various algorithmic
steps in a semi-automated sequence. The starting point is the DICOM
image stack of the patient’s pre- or post-operative CT scan. The images

are segmented into different masks for the treatment, the fracture gap,
and the bone. A side product of this workflow is the ability to manu-
facture models of the fracture by 3D printing that might be used by the
surgeon during preparation for surgery or for educational purposes,
thereby resulting in faster and less invasive surgery.

3.4. Simulation

Abaqus™ (Dassault Systemes, Velizy-Villacoublay, France), a
computer-aided engineering and FE analysis software suite, performs
the simulation. For this purpose, 10-node quadratic tetrahedral elements
of type C3D10 with straight lines were selected in a standard linear
elasticity model. The data collected from the patient measurement can
now be used to analyze the limited gait load factor by simulating the
forces from the measurements with the patient-specific bone.

In addition to evaluating joint and muscle forces for the finite
element simulation, the origin and insertion points of the muscles can
also be used to apply boundary conditions. The simplified boundary
conditions derived from the musculoskeletal simulations based on the
patient’s motion-capturing data apply to the knee joint in the compu-
tational model. Here, the loading conditions are a homogenized distri-
bution of the knee forces in the tibial plateau and a fully fixed distal side.
This type of boundary condition was also used in the present study and
explained in the previous steps. The realistic boundaries use the origin
and insertion points of the muscles attached to the required bone. The
yellow points are the attachments on the volume mesh in Abaqus™. For
this purpose, the available CT images of the patient are segmented, and a
volume mesh is generated in ScanIP™, as described above. The resulting
input file with the mesh information forms the model’s basic structure.
In AnyBody™, after the inverse analysis based on the patient’s gait and
anthropometry data, the acting forces are output as an XML file. In
contrast to the simplified boundaries, the exported forces are now a
combination of muscle and tendon forces in addition to the knee and
ankle joint forces attacking in the present case of a tibia (Fig. 3). Finally,
the input file of ScanIP™ is linked to the XML file of AnyBody™ to form
a standard input file for Abaqus™. The simulation only considers the
muscle tensile force acting on the bone and fracture and is free of
externally imposed constraints.
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Fig. 4. Knee joint angle over gait cycle for (A) a healthy subject and (B) a patient four days after the operation of a distal tibia fracture.

4. Results
4.1. Patient measurements

The following graphs show an example of the kinematic gait cycle for
a healthy subject (Fig. 4A) and a patient (Fig. 4B) with a tibia fracture.
The patient’s body weight is 105 kg. Both curves show the knee joint
angle on the abscissa and the time or gait cycle on the ordinate. A gait
cycle describes the period that begins with the first contact of one foot
with the ground and ends with the following contact of the same foot
with the ground. The corresponding leg is called the reference leg. The
other leg is called the contralateral leg. It goes through the same
movement cycle but is shifted by half a gait cycle. The gait cycle defines
the time between two ground contacts of the same foot (Saur, 2016). The
curve shown is the norm in healthy individuals (Fig. 4A) (Goetz-Neu-
mann, 2003). In patients, however, it is very individual. The difference
in the left fractured leg is particularly striking. No general statements
can be made about the course of the curve in patients. It is, therefore,
essential to record individual movements for later simulation.

The kinetic gait parameters (Fig. 5) show, in this case, the ground
reaction force over time or the gait cycle, a very similar behavior to the

motion capture curve (Fig. 4). Not only does the movement of the
fractured leg change, but the load also decreases. Both measurement
systems clearly show that the patient’s entire gait behavior changes. Due
to the relief of the fractured leg, the healthy leg must also adapt to the
load’s angle, force, gait speed, and duration. It becomes clear that the
collection of postoperative gait data is crucial for accurately assessing
the interfragmentary movement.

4.2. Joint forces

The recorded forces on the lower extremities of the patients are
boundary conditions for the simulation (Fig. 6) of a fractured bone to
calculate the effects on fracture healing. The analyzed knee forces and
moments over the gait cycle are shown for the used patient data (Fig. 4
and Fig. 5). The forces Fy, Fy and F, act in lateral, anterior, and superior
directions on the tibial plateau. In the sagittal plane of the tibial
component, the moment My operates, rotating clockwise about the +x-
axis. In the frontal plane, the moment My operates, it turns clockwise
around the +y-axis, while M, turns clockwise around the +z-axis within
the transverse plane. They are normalized to the patient’s body weight.
These measurement points are then used as input variables for the force
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Fig. 5. Ground reaction force over gait cycle for (A) a healthy subject and (B) a patient four days after the operation of a distal tibia fracture.

amplitudes in the simulation.
4.3. Evaluation of the von Mises stress

The von Mises stress quantifies the local load and helps to evaluate
the mechanical response of the implant or intramedullary nail, partic-
ularly with regard to compliance and the risk of failure. Its value and
distribution can identify weaknesses in a treatment (Fig. 2), for example,
the von Mises stress distribution at the moment of maximum force
application during the patient’s forward step. The region with the
highest von Mises stress values is almost congruent with the fracture
area above the most proximal-distal screws.

4.4. Simulation of the interfragmentary movement

This study simulates the movement between fragments and how
different treatments influence it. We adopt a mechanobiological
approach that is rooted in the mechanical stimulus, as explored by Claes
and Heigele (Claes and Heigele, 1999) as well as Shefelbine et al.
(Shefelbine et al., 2005). Essentially, we investigate the interaction be-
tween octahedral shear strain, which derives from the deviatoric part of
the strain tensor, and volumetric strain, which is associated with

changes in volume arising due to hydrostatic pressure (Ghiasi et al.,
2017). This approach is closely connected to the idea that the extent of
mechanical deviatoric strains plays a crucial role in cell differentiation
and tissue formation. Moreover, it aligns well with the experimental
findings of Bishop et al. (Bishop et al., 2003), Garcia et al. (Garcia et al.,
2003), and Doblaré et al. (Doblaré et al., 2004). To ensure an accurate
analysis of the mechanical behavior within the fracture gap, we inves-
tigate the strain tensor for each tetrahedral element individually. We
then calculate and evaluate both the octahedral shear strain and the
volumetric strain within the given limits, following the guidelines of
Claes and Heigele (Claes and Heigele, 1999) and Shefelbine et al.
(Shefelbine et al., 2005). This results in five areas of the healing window
with the corresponding coloring in the legend for the interfragmentary
movement (Fig. 7). Green corresponds to the perfect area for bone
healing, while red assigns a too-large and blue to a too-small stimulus of
the fracture. The patient was measured on a treadmill with the Xsens™
and Moticon™ soles, and the speed was increased from 1 km/h to 1.5
km/h and then to 2 km/h. The ground reaction force, knee joint angle,
and knee joint force were evaluated over a gait cycle at each speed. The
force values were then used as input to simulate the interfragmentary
movement, always applying a complete step in Abaqus™ as the force
amplitude. The results show a correlation between the knee joint force
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and the portion of elements in a too-much-motion window. The greater
the load due to increased velocity, the more significant the proportion of
elements experiencing too much stimulus. On the other hand, the re-
gions of the elements with too little motion decrease more and more. It is
important to note that the interfragmentary movement is a snapshot.

During a gait cycle, individual elements move back and forth between
the individual healing windows.

5. Discussion

The kinematic gait analysis data are essential for the analysis of the
healing process. They are also an important supplement to the data from
the kinetic gait analysis. Kinetic gait analysis does not capture the swing
phase because the foot is not in contact with the ground. Only the
combination of joint angle trajectories by motion capture and ground
reaction forces allows an accurate statement about the current gait
condition of the patient. The motion of the avatar of the Xsens™ system
also allows a precise analysis of the individual movement sequences. The
advantage of motion capture lies primarily in location-independent data
acquisition. As a result, many patients can be monitored by a

physiotherapist during their first steps after surgery. This way, data can
be tracked from the earliest possible loading in the healing process to full
recovery. In addition, the wide range of rehabilitation and sports science
applications can provide new insights into loading during recovery, for
example, defining the exact influence of partial weight bearing on lower
leg injuries. Individual observation of gait development during the
healing process provides crucial information for patient-specific simu-
lation. In particular, using motion data as input to musculoskeletal
simulation provides significant individual constraints for evaluating
interfragmentary movement. The biggest challenge is the need for CT
scans to create a three-dimensional model. Most patients do not require
a computed tomographic view of their fracture situation. Therefore, new
capabilities need to be developed. However, it is currently impossible to
create models from radiographs alone because the 3D course of the
fracture through the bone is difficult to reconstruct in the two-
dimensional plane. Virtual reconstructions of future treatment situa-
tions can be created if a CT scan is available, either preoperatively or
postoperatively. In addition, the segmentation process is only partially
automated. Each patient requires a precise analysis of the segmentation
steps, which ultimately must be confirmed by the treating physician.
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Another challenge is the highly variable quality of CT images. Metallic
artifacts often obscure the fracture situation and make segmentation and
restoration difficult. Often, the slice thicknesses between the CT slices
are too coarse and prevent the construction of an appropriate 3D model.
This study has several limitations. First, the mechanical conditions
identified cannot be verified through experimental means due to the
lack of commercially available implants to validate the simulated pa-
rameters. However, previous research has demonstrated the ability to
validate fracture condition simulations through clinical validation,
particularly in healed fractures (Ghiasi et al., 2017). In the paper from
our working group (Wickert et al., 2024), we deal extensively with
validating and verifying our simulations. We follow the procedures
described by different publications to this topic (Augat et al., 2021a;
Augat et al., 2021b; Lund et al., 2012), which is what makes a good
simulation. Nevertheless, we try further to substantiate our results with
additional experiments on human specimens. Our simulations only focus
on the interaction of partial loads on the implant and the fracture gap.
Up to now, there is no consideration of biological factors. In addition,
the parameters of the bone material can only be accurately mapped with
the help of a calibration phantom, as presented in Braun (Braun et al.,
2021). In the present case, a calibration phantom was not available.
Another limitation is a gait cycle with crutches in the musculoskeletal
model. It is possible to consider partial weight bearings but not active
walking with crutches. This requires a self-measuring crutch, which was
not available.

6. Conclusion

The results presented here are only exemplary. A closer look give the
articles by Orth (Orth et al., 2023) and Braun (Braun et al., 2019) on the
presented patient and another case. The workflow has been successfully
implemented several times and applied to various patient cases. The
individual steps are well coordinated, as the systems were selected ac-
cording to how well they are compatible with each other. However, the
workflow can also be extended at any time, for example, by considering
more explicit healing simulations. The automation of all steps is pro-
gressing steadily, and, in terms of time, the patient data can now be
evaluated quickly. New therapeutic approaches for revision surgery will
develop based on the finite element simulation results.
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Abstract

Background: Advanced sensor insoles and motion capture technology can significantly
enhance the monitoring of rehabilitation progress for patients with distal tibial fractures.
This study leverages the potential of these innovative tools to provide a more compre-
hensive assessment of a patient’s gait and weight-bearing capacity following surgical
intervention, thereby offering the possibility of improved patient outcomes. Methods: A
patient who underwent distal medial tibial plating surgery in August 2023 and subse-
quently required revision surgery due to implant failure, involving plate removal and the
insertion of an intramedullary nail in December 2023, was meticulously monitored over
a 12-week period. Initial assessments in November 2023 revealed pain upon full weight-
bearing without crutches. Following the revision, precise weekly measurements were
taken, starting two days after surgery, which instilled confidence in accurately tracking
the patient’s progress from initial crutch-assisted walking to full recovery. The monitoring
tools included insoles, hand pads for force absorption of the crutches, and a motion capture
system. The patient was accompanied throughout all steps of his daily life. Objectives: The
study aimed to evaluate the hypothesis that the approximation and formation of a healthy
gait curve are decisive tools for monitoring healing. Specifically, it investigated whether
cadence, imbalance factors, and ground reaction forces could be significant indicators of
healing status and potential disorders. Results: The gait parameters, cadence, factor of
imbalance ground reaction forces, and the temporal progression of kinematic parameters
significantly correlate with the patient’s recovery trajectory. These metrics enable the early
identification of deviations from expected healing patterns, facilitating timely interven-
tions and underscoring the transformative potential of these technologies in patient care.
Conclusions: Integrating sensor insoles and motion capture technology offers a promising
approach for monitoring the recovery process in patients with distal tibial fractures. This
method provides valuable insights into the patient’s healing status, potentially predicting
and addressing healing disorders more effectively. Future studies are recommended to
validate these findings in a larger cohort and explore the potential integration of these
technologies into clinical practice.

Keywords: digital mobility outcome; wearables; patient monitoring; rehabilitation; fracture
healing

1. Introduction

Gait analysis has become an important parameter for monitoring the healing process
of injuries and various medical conditions [1]. It has also been useful for monitoring
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improvements in spatiotemporal gait parameters, kinematics, kinetics, and pedography
throughout the healing process in lower leg fractures [2].

Wearable sensors, such as gait monitoring insoles, have been used to monitor patient
behavior during rehabilitation [3]. These sensors track metrics like step count, walking
time, cadence, and body weight per step, offering insights that influence rehabilitation
outcomes [4]. Additionally, insole-force sensors measure loading on the lower extremities in
patients with pelvic fragility fractures [4]. This study found differences in loading between
the affected and unaffected limbs, suggesting that using insole-force sensors may improve
treatment choices and timing [5]. Telemetric gait analysis insoles track postoperative
fracture rehabilitation by analyzing ground reaction forces [6]. Combined with a mobile
application and a convolutional neural network, these insoles can automate the monitoring
of patient progress and identify bone healing disorders such as non-unions.

Recent advancements in sensor technology and motion capture systems have sig-
nificantly transformed the rehabilitation landscape, particularly in the monitoring and
management of partial weight-bearing (PWB) in individuals recovering from lower limb
surgeries, injuries, or other medical conditions [7]. The critical role of PWB in rehabilitation
involves limiting the amount of weight placed on the affected limb to prevent stress and
pain, promote healing, and ensure a successful recovery by reducing the risk of re-injury
and facilitating a smooth transition to full weight-bearing throughout the healing course.
Integrating sensor insoles and motion-capturing systems has emerged as a breakthrough in
enhancing the monitoring and guidance of PWB [8,9].

Sensor insoles (Moticon™, ReGo AG, Munich, Germany), designed to provide real-
time feedback on foot pressure distribution, enable precise monitoring of how much weight
a patient places on different aspects of the affected limb [9,10]. Likewise, the motion-
capturing system from Xsens'™ (Movella Technology B.V., Enschede, The Netherlands)
delivers an in-depth analysis of the patient’s movement patterns, capturing a wide array
of data points that facilitate monitoring progress and adjusting rehabilitation strategies.
Xsens™ technology allows for accurate assessments of gait, balance, and other functional
movements, providing invaluable insights into a patient’s recovery trajectory. Recent
studies’ contributions underscore the advancements and applications of these technolo-
gies in rehabilitation. For instance, Horenstein and colleagues [11,12] validated wireless
inertial sensors for hip joint motion, demonstrating that most angles measured with the
sensor-based system were within 6° of those measured with a traditional camera motion
capture system.

By combining the capabilities of advanced sensor insoles and motion-capturing sys-
tems, healthcare professionals can comprehensively understand a patient’s prescribed PWB
adherence and overall movement health. This integrated approach enables a more tailored
and effective rehabilitation process, leveraging the power of technology to facilitate better
outcomes for patients navigating the complexities of PWB. These technological advance-
ments, supported by a growing body of research, underscore the potential of sensor and
motion capture technologies in revolutionizing rehabilitation practices and improving
patient care. However, it remains unclear to what extent a thoroughly analyzed patient’s
gait curve over an entire healing cycle can be a critical indicator of successful bone healing.
The study hypothesizes that approximating and stabilizing a patient’s gait curve toward
a normative healthy gait pattern are essential indicators of successful healing. We used
metrics such as cadence, imbalance factor, and GRFs over time to assess the healing process
and identify potential complications or delayed recovery.
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2. Methods

Different activities that reflect the patient’s daily life are part of a measurement work-
flow [13]. These include walking twice with crutches, climbing stairs, performing a sit-
to-stand-to-sit cycle, and dorsiflexion and plantarflexion of his injured foot. The various
exercises were measured simultaneously using sensor insoles and a motion-capturing
system for activities such as climbing stairs, sitting down, and standing up, as well as
navigating stairs in the hallway and using couches or dining room chairs in the patient’s
apartment. The supplementary material provides an example for the knee joint angle (see
Figure S3) and the ground reaction force (see Figure S4) during walking. The purpose of
the whole exercise is to represent his everyday situation as accurately as possible and the
effect of these stresses. For example, stair climbing was essential in his daily living routine
as his apartment is on the second floor, and he had to walk up and down several times a
day from the outset. Table 1 details any deviations from this workflow.

Table 1. Summary of conducted measurements and prescribed partial weight-bearing.

Recommended Partial

Date Location Measured Activity Weight-Bearing Further Information
MO0 22 November 2023 Fitness Studio Walking Full Bodyweight Preoperative
MO1 22 December 2023 Hospital St E.'ChOOI/Rehablhtah on Okg 2 days postoperative
exercise
M02 29 December 2023 Hospital Walking 20 kg
MO03 5 January 2024 At home Measurement workflow 20 kg
M04 12 January 2024 Athome Measurement Workflow 20 kg
MO05 19 January 2024 At home Measurement workflow 20 kg
MO06 26 January 2024 At home Measurement workflow 20 kg
MO07 31 January 2024 Hospital Measurement workflow 45 kg Follow-up appointment
Measurement workflow
Walking without crutches First-time full
e AtHome Walking with one crutch kg weight-bearing
Indoor cycling
Measurement workflow .
M09 16 February 2024 At Home : Full Bodyweight
without crutches
M10 23 February 2024 At Home B s chent workHon
without crutches
M11 12 March 2024 Hospital Follow-up appointment

2.1. Kinetic Gait Analysis

Measuring soles dynamically measure the ground reaction force and pressure distribu-
tion in the foot, making them essential for analyzing load scenarios and gait patterns. These
self-sufficient measuring soles record with a sampling rate of 100 Hz. Each sole comprises
sixteen pressure sensors, an acceleration sensor, and a temperature sensor. Figure S1 in the
supplementary material provides a detailed image of the insoles. In kinetic gait analysis,
particularly in observing the healing process by increasing the load-bearing capacity of the
fractured leg, the ground reaction force plays a crucial yet straightforward interpretative
role as per Newton’s third law, which states that action equals reaction. The force that the
ground exerts on a body in contact with it is a vector quantity representing the reaction
force exerted by the ground on a person or object while standing, walking, or running. For
the evaluation, the cadence (1), that is, the number of steps taken per minute, is considered
on the one hand. The imbalance factor (2) more accurately represents the ground reaction
force ratio between the healthy left leg and the fractured right leg. It quantifies asymmetry
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in percent between the left (healthy) leg (GRF_left) and right (injured) leg (GRF_right)

ground reaction force.
Number of Steps

Time [minute]
|(GRF_left — GRF_right)|
GRF_left

Cadence =

(M

Factor of Imbalance = * 100 2)

2.2. Kinematic Gait Analysis

The Xsens™ motion capture system “Awinda” tracks movements to create a full-
body motion image, enabling immediate graphical output. Additionally, the system can
determine joint angle data, center of gravity, and other sensor information. It comprises
17 inertial measurement units (IMUs) strategically attached to important body parts using
straps. The sensor placement is bilateral on the thighs, shanks, feet, shoulders, hands, and
lower and upper arms, as well as on the pelvis, trunk, and head. The 17 wireless inertial
measurement units contain a 3D magnetometer to measure the 3D geomagnetic field, a 3D
velocity gyroscope to measure the 3D angular velocity, a linear accelerometer to measure
the 3D acceleration, and a barometer to measure the atmospheric pressure. The system
recorded full-body kinematics at 60 Hz. Figure S2 in the supplementary material shows the
complete setup of the system. The measured values from the lower body motion trackers—
specifically those on the right and left thighs, lower legs, and feet—played a crucial role in
analyzing this patient’s gait. Due to the existing tibia fracture, examining the knee joint
angle in greater detail was essential. The study examined the angle of the knee joint during
both the stance and swing phases of walking. While extensive research has already been
conducted on healthy individuals as evidenced in various literature sources [14-17], our
studies, presented in the supplementary material, offer additional validation. The knee
joint angle is a three-dimensional Euler angle derived from the transformation between
the thigh and shank coordinate frames. In Xsens™, it is calculated based on positional
data from the motion tracker on the thigh and the tracker on the lower leg. Our analysis
focuses specifically on knee flexion and extension as these movements exhibit the most
significant variations in response to the injury [18,19]. For the subsequent evaluations, the
premise was also to take simple values with a relatively high significance, which do not
require much prior knowledge for analysis. Acceleration is the first value taken directly
from the measurement data. The acceleration variation between the right and left legs is a
percentage for better visualization. The recorded measurement data allows easy retrieval
of these values. The knee joint angle is subdivided into stance and swing phases as it
reaches two maxima during a healthy stride. The first has up to 15 degrees of flexion in
the loading response and thus falls in the middle of the stance phase, while the second
has up to 60 degrees of flexion in the initial swing phase. Therefore, the deviations and
approximations during the recovery phase are of interest. The analysis also includes the
stride length, which is the distance between the position of a heel at the foot strike and that
of the same heel at its next foot strike from the start to the end of a gait cycle.

3. Patient

A 12-week longitudinal monitoring study followed a patient who sustained a distal
tibial fracture in August 2023 and received fixation with a distal medial tibial locking
compression plate (LCP) (Figure 1). In November 2023, the patient returned for biomechan-
ical assessment and underwent initial gait measurements using instrumented insoles and
Xsens™ motion capture technology. At that time, the patient reported pain with every step
but was walking independently with full weight-bearing and without crutches. In Decem-
ber 2023, surgeons performed a revision surgery, replacing the LCP with an intramedullary
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nail. Gait measurements began two days after the operation. Over the following 12 weeks,
the system recorded the patient’s gait parameters weekly using Xsens™ and instrumented
insoles, tracking progress through to full recovery.

Figure 1. A 29-year-old male patient suffering from a lower leg fracture after a previous and healed
ankle fracture in the past (A). The patient was initially treated by plating osteosynthesis of the tibia
and fibula (B). At 4 months after surgery, the patient showed an implant failure ((C); arrows) and
signs of a hypertrophic non-union as a disturbed bone healing course. After revision surgery (D),
the patient underwent a clinically uneventful course and demonstrated full bone healing 6 months
post-revision surgery (E).

4, Results

The monitoring focused on key parameters, including cadence, ground reaction forces
(GRFs), and imbalance factors, to assess changes in the patient’s gait pattern and its
approximation to a healthy gait curve (Figure 2). The factor of imbalance initially spikes
(near 100%) due to severe asymmetry in gait caused by the fracture and surgery. Over time,
there is a gradual reduction, approaching near-normal levels (~10%) by week 12, indicating
improved symmetry in weight distribution between the legs. Cadence (steps per minute)
begins relatively low, around 30 steps per minute, and steadily increases throughout the
recovery period, plateauing at approximately 60-65 steps per minute after week 8. This
trend reflects an improved gait rhythm and increased confidence in walking. The ground
reaction force on the right leg starts near zero, indicating minimal weight-bearing capacity.
After initiating full-body weight-bearing at week 6, the ground reaction force significantly
increases, exceeding 1000 N by week 12.

This trend suggests strengthening of the right leg and the restoration of load-bearing
functionality. Over time, this imbalance gradually decreases, approaching near-normal
levels of approximately 10% by week 12, indicating an improvement in weight distribution
between the legs.

The shading of the curves in Figure 3 represents the magnitude of the ground reaction
force, with darker shades indicating higher forces. The gradual darkening from earlier
to later weeks highlights the progressive increase in weight-bearing capacity. In the first
three weeks, the ground reaction force remains low and demonstrates a flattened curve,
indicating a reduced ability to generate force during the stance phase of gait. In week 5,
a more defined force curve emerges for the first time. This corresponds with increased



Sensors 2025, 25, 3853

6of 11

Cadence[step/min]

limb stability and improved muscle engagement during the stance. The distinct peak
indicates the restoration of better load transfer through the leg during the stance phase.
After week 5, development of the two required maxima during the stance phase becomes
visible, indicating a typical sign of an increasing physiological gait pattern.

Figure 4 shows the difference in acceleration between the right and left sides during
walking. On day 2 after revision surgery, this difference peaks at nearly 70 percent. The
patient’s initial attempts at walking led to this significant discrepancy. A fluid gait pattern
with crutches is not yet achievable at this early stage. However, it is encouraging to
note that the ratio between the two sides becomes increasingly similar as the healing
progresses over time. By week nine, there was obvious further improvement. The patient
walked without crutches for the first time, making him more cautious and slower when
using the fractured leg than the uninjured leg. Notably, gait performance was worse
before the revision operation than 12 weeks after the surgery. This suggests that at the
time of the measurement taken four months after the first operation, the patient still
experienced significant gait disturbances and dragging of the fractured leg, which in turn
corresponded to the pain described by the patient before revision surgery. Treatment with
an intramedullary nail considerably reduced these issues. The swing time of the right leg
directly reflects this observation. The analysis of acceleration differences supports this
finding. When examining the knee joint angle, flexion during the stance phase begins at
0 degrees and reaches only 10 degrees by the end of the fourth week. Pain-adapted walking
during the first week eliminated the stance phase, preventing the initial maximum of the
knee joint curve from appearing during each gait cycle.

i Kinetic Gait Parameters Extracted from Insoles
100 100 ¥ r] T T T T T T V= T T 11200
Revision Surgery == Factor of Imbalance [%)] First Time ‘
9} @0 « = =Cadence [step/min] IFull Body Weight _..-41100
) ===(5round Reaction Force Right [N] i e |
------ - 1000
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e 3 4800 8
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Week Factor of Imbalance [%] Cadence [step/min] GRF right
0 1.7 86.1 1020
12 0.5 91.8 1072

Figure 2. Temporal evolution of kinetic parameters, including a factor of imbalance in percentage,
cadence in steps per minute, and ground reaction force of the fractured right leg in Newtons, over
a 12-week recovery period following revision surgery (A), and exact values for week 0 in grey and
week 12 in white (B).
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Figure 3. Illustration of the evolution of the ground reaction force in the right leg during a single gait
cycle for the first seven weeks.

Kinematic Gait Parameters Derived from Motion Capture Data
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Figure 4. Temporal progression of kinematic parameters over a 12-week recovery period following a
revision surgery.
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5. Discussion

The data effectively captures a patient’s recovery process after severe healing dis-
turbances with implant failure requiring revision surgery in a young patient suffering
from a lower leg fracture. Initial post-surgery asymmetry and reduced function gradually
improved over time as seen in the temporal trends and gait cycle curves. There was notice-
able asymmetry and reduced function initially, but these gradually improved over time as
demonstrated by both the temporal trends and gait cycle curves. This corresponded to the
clinical and radiological events in the medical follow-up visits.

Conventional rehabilitation monitoring relies on subjective clinical assessments and
scheduled radiographic imaging, typically capturing information at fixed intervals—for
instance, using X-rays to evaluate a tibial fracture at 6 weeks, 12 weeks, and 18 months.
However, validation of X-ray analysis is insufficient until approximately 8 or 12 weeks
after the operation, leaving a diagnostic window during which the acute healing status is
not monitored. In contrast, integrating sensor insoles and inertial motion capture enables
objective, continuous, and quantitative evaluation of patient mobility. Recent studies have
demonstrated the efficacy of wearable inertial sensors in rehabilitation settings. For instance,
a study focusing on Parkinson'’s disease patients utilized wearable sensors to identify early
and subtle gait changes, which could serve as potential objective gait biomarkers for early
diagnosis [20].

The study demonstrates for the first time several interesting parameters to monitor the
course of bone healing. The primary goal is to use simple tools and parameters to accurately
record changes in gait patterns during the healing process. The main advantage of the
systems used is their independence from a special laboratory room. Both systems provide
real-time feedback and function in both indoor and outdoor environments. Therefore,
they offer great flexibility. This approach is supported by earlier work demonstrating that
gait-related parameters, such as cadence and ground reaction forces (GRFs), are reliable
indicators of musculoskeletal function and recovery [21,22]. The values obtained before the
fractured leg reaches full weight-bearing status are particularly valuable. The factors of
imbalance, ground reaction force, and acceleration variation, alone or in combination, may
be helpful tools for monitoring the healing course using an additional, radiation-free tool.
Therefore, they might be of interest in clinical practice and surgical aftercare. A large-scale
study involving more subjects should validate the introduced parameters and establish pre-
cise reference values to identify a positive healing process or detect early signs of improper
healing. Wearable technologies have already shown clinical utility in orthopedic rehabilita-
tion and post-surgical monitoring [23-25]. Accordingly, the investigated parameters herein
may be helpful additional parameters to evaluate the clinical course of events to estimate a
healing disorder or—even more importantly—prevent the formation of a non-union and its
accompanying high socio-economic burden [26-28]. We can simplify the setup by selecting
specific parameters from the motion-capturing system. For instance, patients could sit on
measuring insoles with one acceleration sensor on each thigh to monitor their movements.
In the future, we anticipate a shift toward digital mobility outcomes, enabling patients to
track their progress using data collected from mobile phones, smartwatches, and other
digital devices. Ideally, they would also provide baseline measurements from before the
fracture occurred. However, these initial results should serve as a foundational step in
breaking down the healing process into its components, enabling precise monitoring of
each patient. These systems provide instant feedback, which is essential for effective reha-
bilitation monitoring and compliance tracking. Unlike conventional methods, this approach
operates independently of controlled environments, allowing for home-based and more
real-time monitoring of continuous assessments. Additionally, this data analysis approach
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is not limited to lower extremity fractures. It can also be applied to kinematic evaluations
of upper extremities and fracture healing trends, broadening its clinical applications.

6. Limitations

Motion capture systems and sensor technologies provide valuable insights into patient
recovery but also have limitations. Problems with accuracy and reliability can arise due
to measurement errors, noise, or drift over time, which can impact data accuracy. During
measurements, personnel trained to operate the system must be present to verify its
correct functioning. This means that independent continuous measurement by patients
is not yet possible. Another challenge is the cost and accessibility of these systems. The
purchase of hardware, additional software, and license costs is often beyond the means of
many healthcare providers, especially for smaller clinics or regions with limited financial
resources. The hardware of the Xsens Awinda system is not particularly expensive. As with
many other purchased solutions, the software license is costly. Nevertheless, the system
as a whole is well below the cost of a camera-based motion-capturing system. One can
make a similar comparison for the measuring soles. The cost of several pairs of soles (in
different sizes, for example), including the software package, is within the price range of
a standard force plate. Both systems have a long service life. We have been using both
measuring systems for several years and for various types of measurements (gait analyses,
gym measurements, open terrain measurements, etc.).

For long-term measurements involving multiple patients or general introduction into
routine practice, the amount of data generated by motion capture and sensor-based systems
necessitates the use of neural networks or artificial intelligence algorithms for efficient
processing, interpretation, and analysis. Without automation, the workload increases,
making real-time assessments impractical.

The findings are based on a single patient, restricting the generalizability of the results.
Future studies should involve larger and more heterogeneous cohorts to validate the
robustness of the observed parameters. The study observation period was limited to 12
weeks; extending follow-up to 6-12 months could yield additional insights into long-term
rehabilitation trajectories. This study serves as a pilot and feasibility study to conduct a
study with a larger cohort and validate the results.

7. Conclusions

The patient’s kinetic and kinematic gait analysis reveals changes in biomechanical
parameters during rehabilitation. During the first eight weeks of the partial weight-bearing
phase, it is typical for the examined values to show greater asymmetry as the affected
right side is still being spared. This asymmetry decreases with the transition to full weight-
bearing from week 9 onwards, and normalization occurs more gradually over time. Adap-
tive compensation mechanisms can be observed during partial weight-bearing, which then
decreases with the transition to full weight-bearing. Close observation of trends in the data
can provide insight into whether the patient is adapting biomechanically to the increasing
load or if there is deterioration, which would necessitate a change in rehabilitation mea-
sures. All in all, these are easy-to-use tools that do not require extensive prior knowledge
and have a straightforward evaluation process, leading to quick findings.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com /article /10.3390 /525133853 /525133853/5s1: Figure S1: Moticon™ sensor insole (A),
distribution of pressure sensors and position of the coordinate system (B), and live display of pressure
distribution while standing (C). Figure S2: Motion capturing system Xsens™ setup (A), avatar in the
Xsens™ software (B), close-up of an IMU motion tracker (C), and a tracker with a strap (D). Figure S3:
Comparison of the angles of the left and right knee joint during the measurements in week 2 and
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week 9. Figure 54: Comparison of the angles of the left and right ground reaction force during the

measurements in week 2 and week 9.
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Advantages of digital twin
technology in orthopedic trauma
Surgery — Exploring different
clinical use cases

Annchristin Andres*™?, Michael Roland?, Kerstin Wickert!, Stefan Diebels?, Johannes Stckl?,
Stefan Herrmann?, Frank Reinauer?, Ralf Leibinger3, Atanas Pavlov*, Lutz Schuppener®,
Daniel Schifer®, Tina Histing® & Benedikt J. Braun®

Digital twin technology offers significant benefits for addressing fracture non-unions in orthopedic
trauma surgery, particularly in cases requiring revision surgery. In this study, we developed a
clinically applicable digital twin workflow that integrates patient-specific imaging, motion capture,
musculoskeletal modeling, and finite element simulation. We applied this workflow to five real patient
cases involving different anatomical sites and treatment strategies, including implant modification,
augmentative fixation, and corrective osteotomy. Each case was virtually reconstructed to evaluate
mechanical conditions before and after revision surgery. The results demonstrated that digital twins
can predict improvements in implant stress distribution and fracture strain states, offering valuable
insights for optimizing surgical decisions. This work highlights the feasibility of digital twins and their
clinical value in supporting individualized revision strategies, laying the foundation for their broader
use in trauma care. .

Keywords Digital twin, Virtual reconstruction, Patient-specific model generation, Individualized
Biomechanical simulation, Fracture healing, Non-unions, Surgical treatment.

Since its first appearance in 2003!, digital twin (DT) technology has rapidly evolved as a field in medicine,
enabling significant advances by transferring established concepts from engineering science and industry into
clinical practice®. By generating virtual models that mirror the underlying physical entities, D'Ts currently enable
the simulation of patient-specific issues within pre-defined application-related frameworks, thereby predicting
health outcomes and enhancing diagnosis, treatment, and preventive care.

This wide spectrum encompasses diverse applications across several medical fields. In general healthcare and
personalized medicine, DTs have been used in geriatric medicine?, to identify optimal drug treatments®, and for
public health management™®. DTs are also applied to cancer care’, oncology workflows®’, and in radiology'’.
Additionally, DTs are used for investigating vertebrae and vertebroplasty procedures in cancer patients'"!?, for
predicting the electrical field in cell culture experiments with human osteoblasts'?, and for osteoporosis research,
particularly in the context of denosumab therapy!*1°.

Surgical planning applications have also emerged, particularly in oral and maxillofacial surgery. These
include mandibular reconstruction using computer-aided design and computer-aided manufacturing (CAD/
CAM) techniques alongside fibula flaps to create patient-specific reconstruction plates'®, or to prevent
biologically inadequate reconstructions that lead to functional and aesthetic impairments'”, as well as cranial
defect reconstructions with tailored resorbable implants's. DTs are also used in orthodontics, for example, in
implant placement!® and for simulating the human mandible after joint replacement?®?!. Despite all progress,
DTs are still underrepresented in orthopedic trauma surgery.

A PubMed search at the end of 2024 combining (“digital twin” OR “virtual twin”) AND “fracture” AND
(“tibia” OR “femur” OR “bone”) yielded fewer than 20 articles, several of which were unrelated to medicine.
This also included review articles and a viewpoint addressing arthroscopic knee surgery??, virtual reality in bone

1Saarland University, Applied Mechanics, Saarbriicken, Germany. Zcsi entwicklungstechnik GmbH, Neckarsulm,
Germany. *KLS Martin SE & Co. KG, Tuttlingen, Germany. *IL Innovationslabor GmbH, Berlin, Germany. *Faculty
of Medicine, University Hospital Tuebingen on Behalf of the Eberhard-Karls- University Tuebingen, BG Hospital
Tuebingen, Tuebingen, Germany. ““email: annchristin.andres@uni-saarland.de
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trauma procedures®, digital technologies in orthopedics, with a focus on bone fracture?®, and the potential of
integrating digital technologies into computer-assisted surgery?>.

Today, DTs in orthopedic trauma surgery are primarily based on 3D models of patient anatomy derived from
clinical imaging to generate workflows for decision support, individualized product development, and scientific
research.

The closest related work to this study is that of Aubert et al. (2021)%, which presented a DT approach to
optimize trauma surgery and postoperative management in tibial plateau fractures. While their study was a
significant step forward in demonstrating the value of simulation for treatment planning, it focused on a narrow
anatomical region, did not incorporate real patient-specific motion capture data, and offered limited integration
into clinical surgical workflows. This study expands upon this by applying DTs across multiple anatomical sites
and revision strategies, incorporating dynamic musculoskeletal simulations and real-world clinical imaging, and
aiming for a more holistic decision-support system tailored for orthopedic trauma care.

If the literature search were extended to include terms such as “simulation” OR “finite element analysis”
instead of DT, many more studies and articles would be found. Here, the review by Ghiasi and colleagues®”
provides a good first overview.

Although personalization and individualization of therapy through DTs are among the most promising
trends in digital healthcare, there is still no consensus on standardizing or designing such systems for clinical
use”®. Human DTs are often loosely defined as “computer models of humans tailored to any patient,” without
specifying the necessary clinical, mechanical, or biological fidelity?®. In orthopedic trauma, these challenges are
compounded by the complexity of bone healing mechanics, variability in patient anatomy, and the practical
limitations of clinical imaging. As Killen et al.*® highlight, even well-established musculoskeletal modeling tools
remain underutilized in practice due to barriers such as integration at the point of care, the need for specialized
expertise, and limited clinical familiarity with simulation-based planning. Our work addresses some of these
challenges by proposing a structured, patient-specific DT pipeline and demonstrating its feasibility in realistic
clinical scenarios.

The goal of this study was to enhance treatment planning for non-union patients by utilizing a digital twin-
based process chain. This approach integrates individualized computational models with patient-specific motion
capture and clinical imaging data to create a data-driven DT. The resulting twin captures physical, biological, and
treatment history data, enabling more informed and reliable surgical decision-making for revision procedures.
The aim is to demonstrate how DTs can be utilized specifically in evaluating potential revision strategies and how
they could provide decision support in the future.

Fracture revisions present a particularly complex problem for DT applications due to a combination of
biological variability, incomplete healing histories, altered implant environments, and the often uncertain
mechanical integrity of previous treatments. Unlike primary fractures, revision surgeries must address failed
healing and suboptimal loading conditions, often without access to the original surgical data or implant CAD
models. Furthermore, there is limited guidance on how to integrate patient-specific motion data, simulate
realistic mechanical environments, or evaluate multiple revision strategies in silico. In this context, our work
aims to develop and demonstrate a clinically oriented DT workflow capable of reconstructing both initial and
revised treatment scenarios using real patient data, musculoskeletal modeling, and finite element analysis.
By doing so, we seek to provide a reproducible, biomechanically validated framework for decision support in
orthopedic fracture revision surgery. This study represents a step toward realizing predictive, patient-specific DT
for preoperative planning in complex trauma care.

Results

Five cases were virtually processed using DT technology to evaluate different treatment strategies and loading
scenarios, focusing on mechanical fracture healing conditions. The following sections present the main results,
and the supplementary material provides more detailed information about the patients and the monitoring
process. The primary objective in every case was to recreate the initial treatment situation based on current
computed tomography (CT) data, analyzing the treatment’s mechanical stability and the fracture’s strain state.
The revision strategy was then virtually modeled and, analogous to the initial treatment, mechanically analyzed
and evaluated regarding improving healing chances.

Use case 1 - Variation of the thickness of an intramedullary nail

Non-union of the tibial shaft occurs when a fracture fails to heal properly. One treatment strategy involves
changing the nail size to stabilize the bone, as shown in Fig. 1. Here, the surgeon replaced an 8 mm nail (initial
treatment) with an 11 mm nail (current treatment) after reaming, which removes bone material to accommodate
the larger nail. The treatment plan recommended pain-adapted, full weight-bearing without restrictions to
promote healing. In the DT for this use case, the diameter of the original nail was virtually modified without
altering its position. Biomechanical analysis revealed a significant reduction in implant von Mises stress,
exceeding 50%, achieved by simply thickening the nail by 3 mm in diameter. This modification alleviated
the fracture and highlighted the importance of structural changes in optimizing mechanical outcomes. The
improvement was evident from the healing window, where the initial treatment had 7% of the volume of the
fracture in the range of too much movement.

Use case 2 — Augmentative plate for a humeral fracture

Surgeons have proposed augmentative plating as an alternative to nailing, nail removal, and plate revision. In
the following use cases, 2 and 3, the fractures were stabilized using an additional plate, improving the fracture
situation. This technique is effective for non-union revision surgeries in both the lower and upper extremities.
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Fig. 1. Comparison of the strain state-based healing window in the fracture and the von Mises stress
distribution for a diameter change of an intramedullary nail.

The results show a significant reduction in the von Mises stress in the central area of the implant examined
using an augmentative plate combined with an intramedullary nail for a right humeral fracture (Fig. 2). In the
initial treatment, the maximum von Mises stress of the implant reached 240 MPa, indicating a high mechanical
loading. However, adding the augmentative plate reduced the stress maximum to 78 MPa, marking a significant
improvement. This reduction by a factor of approximately 3 enhances the material’s structural integrity and
demonstrates the effectiveness of the treatment in reducing stress concentrations and improving mechanical
performance. We used standard titanium alloy implants, which have an ultimate tensile strength slightly above
the 860 to 925 MPa range, to obtain approval (e.g., DIN EN ISO 5832-3).

The 240 MPa, representing roughly 25% of the maximum load, explains why the implant remained intact,
although prolonged loading could lead to fatigue and failure. While standard titanium alloys (e.g., Ti-6 Al-4
V) may have ultimate strengths above 860 MPa, their yield strengths often range between 240 and 550 MPa,
depending on alloy and heat treatment, making the observed stress level clinically relevant. Therefore, the 78
MPa achieved in the new treatment is the better option. This also aligns with the healing window, reducing the
elements in the range of too much movement to 0%.

Use case 3 — Augmentative plate for a femoral fracture

Figure 3 shows an augmentative plate for a femur fracture treated with an intramedullary nail. In the initial
treatment, the von Mises stress maximum of 160 MPa on the nail is located at the center of the fracture, leading
to instability and excessive fragment movement. Adding the augmentative plate significantly decreased the
stress maximum to 30 MPa. The DT process chain includes virtually removing the additive plate and screws to
recreate the original situation, address the instability from the initial treatment, and explore ways to improve the
mechanical conditions for fracture healing. The current treatment, which incorporates a reinforcing plate, adds
substantial strength and effectively reduces stress. As a result, fracture fragment movement reduces to the bone
healing window without entering the transitional zone of bone resorption.

Use case 4 — Additional screw for a tibia fracture

Integrating additional screws, so-called strain reduction screws, in tibia fractures treated with intramedullary
nails offers a refined approach to fracture management, as shown in Fig. 4. By enhancing the primary stabilization
provided by the intramedullary nail, the supplementary screw improves the overall construct stability and
provides targeted reinforcement at critical fracture sites. This strategy addresses various fracture patterns and
patient-specific biomechanics, thereby contributing to faster healing and reduced complications. The torsion
correction achieved by the additional screw increases the percentage of elements in the optimal healing window
from 78 to 86%.
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Fig. 2. Comparison of the fracture’s strain state-based healing window and the treatment’s von Mises stress
distribution with and without an adaptive humerus plate.
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Fig. 3. Comparison of the strain state-based healing window of the fracture and the von Mises stress

distribution of the treatment with and without an adaptive femur plate.
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Fig. 4. Comparison of the strain state-based healing window of the fracture and the von Mises stress
distribution of the treatment with and without an additional screw.

Use case 5 — Wrist movement after implant individualization

Use Case 5 represents a corrective osteotomy rather than a classical non-union case. In this scenario, the patient
exhibited a malaligned wrist following prior treatment, impairing joint kinematics. The DT simulated pre- and
postoperative wrist motion, aiding in the realignment strategy to restore normal biomechanics. Before the
intervention, clinicians assessed the patient’s range of motion using the described motion-capturing process.
This preoperative analysis revealed restricted radial and ulnar deviation angles compared to the clinically
established target ranges of 20-30 degrees for radial deviation and 30-40 degrees for ulnar deviation. The
calculation determined the deviation angles as the angle between the anatomical axis of the radius and the
vector representing the combined motion of the proximal carpal unit, defined as a rigid body including the
scaphoid, lunate, and triquetrum. The virtual representation consisted of deformable and rigid components to
simulate these conditions. The model treated the radius, ulna, and implant as deformable, while representing the
scaphoid, lunate, and triquetrum as a single rigid unit.

Preoperatively, malalignment between the radius and ulna hindered attempts to achieve 40 degrees of ulnar
deviation. This misalignment resulted in direct contact, seen in Fig. 5, between the carpal unit and the radius at
higher deviation angles, thereby limiting the joint’s functional range and preventing full rotational movement.
Following the reconstructive surgery shown in Fig. 6, the realignment of the radius and optimization of implant
positioning enabled the patient’s wrist to move without impingement throughout the specified range. The
procedure resulted in no structural interference when the wrist was positioned at 0 degrees. More importantly,
when attempting 40 degrees of ulnar deviation, the configuration allowed full movement without any contact
between the carpal bones and the ulna, indicating that the corrective measures had successfully restored normal
joint mechanics. This outcome highlights the effectiveness of surgical intervention in improving joint mobility
and restoring the functional range of motion in the patient’s wrist. A process that can be largely tested and
visualized in advance using DT technology.

Discussion

Integrating DT concepts into treatment strategies enables a dynamic and evolving representation of the patient’s
bone-implant system. The DT evolves in tandem with the patient’s condition and treatment progress, continuously
incorporating clinical imaging data, patient metadata, and biomechanical simulations. Mechanical simulations
embedded within this DT framework offer a range of benefits, particularly in analyzing the micro-mechanics
of fracture gaps and the associated healing process. They enhance our understanding of fracture mechanics,
enabling researchers and clinicians to examine complex interactions between patient-specific anatomy,
implants, and rehabilitation protocols with unprecedented detail. This holistic, data-driven approach enhances
the accuracy of healing predictions and supports tailoring treatment strategies to individual patient needs. In
this study, we analyzed five distinct clinical cases using DT technology to show different strategies for non-union
treatment. Each case demonstrated a clear biomechanical benefit from the simulated intervention, ranging
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Fig. 5. Preoperative case, A: 0-degree ulnar deviation, B: 40-degree ulnar deviation, C: contact during the
40-degree ulnar deviation with fade-out rigid body part for better visualization.

from stress reduction in implants (Cases 2-3), improved strain states in fractures (Cases 1, 4), to functional
restoration of joint mobility (Case 5). These results underscore the adaptability of DTs to individual treatment
challenges and patient-specific variations. For instance, while nail diameter optimization in tibial fractures (Case
1) improved load transfer, the augmentative plating techniques (Cases 2-3) enhanced construct stability, and
screw augmentation (Case 4) contributed to refined strain control. Notably, wrist mobility improvement in Case
5 exemplifies how DTs can simulate functional outcomes preoperatively.

Similarities across cases include the ability to evaluate mechanical performance under real patient-specific
boundary conditions. Differences arise from anatomical locations, implant configurations, and motion dynamics.
Our approach contrasts with Aubert et al.’, which focused primarily on tibial plateau fractures and early-stage
DT concepts; in contrast, our work applies a mature DT pipeline incorporating musculoskeletal dynamics and
postoperative motion analysis.

While the first three cases demonstrate improvements in mechanical stability through implant reinforcement,
such as increasing nail diameter or adding plates, these choices, though mechanically beneficial, may not
universally translate into better clinical outcomes. Clinically, increased implant stiffness can lead to stress
shielding, delayed healing, or unnecessary surgical burden. Therefore, stress reduction alone is insufficient for
optimal treatment selection.

Within the DT environment, clinicians can efficiently test various implant configurations and rehabilitation
scenarios, making informed decisions for specific fracture types and patient profiles in a safe and controlled
environment. The ability to rapidly run these simulations reduces costs, improves turnaround time, and enhances
the personalization of care, making DT-based simulations a compelling option for advancing orthopedic trauma
surgery treatments. By modeling the fracture gap and simulating the biomechanical environment over time, DTs
facilitate a more accurate estimation of the healing window. This helps guide interventions such as adjusting nail
diameters, modifying plate constructs, or adding screws to improve stability, actions that can be informed by real-
time feedback and continuous patient data integration. Similarly, by incorporating patient-specific movement
data and boundary conditions, DTs shed light on the interaction between implants and native bone structure,
helping determine when to intervene, how to optimize stress and strain distribution, and how to minimize
complications. The adaptability of the DT to evolving clinical states underscores its potential to accurately
represent the patient’s biomechanical and biological milieu. A promising future application of DT lies in in silico
clinical trials, where simulations may supplement traditional clinical data and, in select scenarios, help reduce
reliance on early-stage human trials, particularly in rare or high-risk conditions’. DT of real patients can be used
to create multiple problem-specific cohorts customized to address specific medical conditions, some of which
may be impossible or unethical to replicate in physical clinical trials. Consequently, conditions that remain
untestable in the physical world can now be explored virtually. In the context of osteosynthesis devices (e.g., plates
and screws) utilized in orthopedic trauma surgery, in silico trials with DT present a valuable opportunity for
the development of novel, innovative products for specialized applications. Because these specialized products
serve small patient populations and have low production volumes, the high costs of regulatory certification often
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Fig. 6. Postoperative case, A: 0-degree ulnar deviation, B: 40-degree ulnar deviation.

make them commercially unfeasible. By leveraging DT for in silico trials, manufacturers can gather robust data
on safety and efficacy without the high financial barriers associated with traditional clinical testing.

Despite the advantages offered by DTs, certain limitations persist. One key constraint is the reliance on manual
segmentation processes due to the unavailability of original CAD data for implants in the scientific community.
While segmented implant models can be derived from image data, the lack of direct CAD geometries hinders the
precision and fidelity of implant representation. CAD-based models offer higher geometric accuracy, streamline
simulations, and reduce manual modeling efforts.

Furthermore, the standard imaging protocols currently employed present several challenges. Calibration
phantoms, which could ensure more reliable mapping of bone material properties, are not routinely used.
As a result, bone properties must often be calibrated indirectly, which can potentially reduce the accuracy of
subsequent simulations. In addition, CT scans, usually the imaging modality of choice, may have suboptimal
quality and only capture the medically relevant segment of the extremity. This incomplete coverage frequently
necessitates manual post-processing and extrapolation beyond the scanned region. Moreover, due to concerns
about radiation exposure, the number of CT scans per patient is understandably limited. This benefits patients
and their well-being, but it makes it difficult to evaluate simulations at different time points during the healing
process. Continuous, longitudinal monitoring over several months to capture the healing process at fixed
intervals requires multiple motion-capturing appointments, making it costly and time-consuming. These
imaging and data availability constraints reduce the granularity and consistency of a DT, ultimately limiting
its capacity to capture the complete patient-specific healing trajectory. A critical limitation of this approach,
inherent to all patient-specific simulation-based analyses in orthopedics, is the lack of direct in vivo validation
for stress and strain predictions. Unlike standard engineering applications, there is no practical or ethical way
to measure internal mechanical states (e.g., interfragmentary strain, implant stresses) in live patients. As such,
model predictions rely on boundary conditions derived from motion capture and musculoskeletal simulations,
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which are themselves estimations. Although these simulations provide clinically useful insights, they must
not be interpreted as absolute truths. Instead, they should be decision-support tools that assist, but never
replace, experienced surgical judgment. We therefore recommend that all results from DT-based simulations
be viewed with appropriate skepticism and always considered in conjunction with clinical findings and expert
interpretation. In the paper by Wickert et al.’! from our working group, we address the validation and verification
of our simulations. Furthermore, we follow the concepts of what makes a good simulation published by Augat
et al.’>¥, Regarding a comparison with the clinical outcome, all five patients are fully healed after their revision
surgery and have regained their full freedom of movement. The last follow-up appointments took place in 2022
for use case 2, in 2023 for use cases 1 and 3, and in 2024 for use cases 4 and 5.

The introduction of DTs in patient care, combined with mechanical simulations and precise biomechanical
measurements, offers a patient-centric and data-rich paradigm that significantly enhances treatment outcomes.
By analyzing the fracture gap in relation to the healing window through the DT, healthcare professionals gain
insights that inform treatment decisions, facilitate patient involvement, and promote optimal healing trajectories.
The DT's ability to simulate individual movement and patient-specific boundary conditions reinforces its role
in refining surgical strategies and rehabilitation protocols. By enabling clinicians to explore various implant
scenarios and track patient progress continuously pre-emptively, the DT paradigm exemplifies a synergistic
relationship between cutting-edge computational tools, patient-specific modeling, and evidence-based medical
care. This integrated approach improves the quality and efficiency of patient-centered interventions.

Future applications of DTs should integrate additional decision metrics, including bone-implant stiffness
mismatch, expected surgical invasiveness, risk of soft tissue disruption, healing biology, and long-term implant
performance. These factors could be modeled through extensions to the current framework, such as bone
remodeling predictions, patient-specific healing simulations, or surgical time estimators. Ultimately, DTs are
best viewed as multi-factorial planning tools that simulate what is mechanically optimal and what is surgically
appropriate for the individual patient. Longitudinal DTs could also inform rehabilitation strategies and support
in silico clinical trials to complement traditional studies, particularly for rare or complex orthopedic conditions.

Methods
The DT concept presented in this study builds upon an innovative digital process chain®~3¢ developed and
implemented by the authors and colleagues in the clinical environment at a level 1 trauma center in Germany.
This concept incorporates elements from multiple levels of DT maturity, as illustrated in Fig. 7.

The DT concept used in this study integrates multiple maturity levels as defined in Fig. 7. Specifically, “Level
1 - Virtual Twin” is realized through patient-specific imaging, metadata, and CAD-based 3D models. “Level 2 -
Connected Twin” is achieved by linking these models with patient-specific motion data from the musculoskeletal
system. Additionally, the workflow incorporates aspects of a “Level 3 - Predictive Twin” by enabling semi-
automated analysis of simulation outputs to support clinical decision-making. Future developments aim to
advance toward Level 4 (Prescriptive Twin) by providing tailored real-time recommendations for patients
during rehabilitation phases, and toward Level 5 (Autonomous Twin) by integrating artificial intelligence into
the DT for continuous, adaptive treatment optimization.

Virtual Twin

The Level 1 twin is a high-
fidelity, patient-specific
digital model of the bone
and fracture site,
providing a realistic
anatomical reference for
initial surgical planning.

Keywords
Patient-specific anatomy
Fracture Modelling
Implant visualization

Surgical Planning

Connected Twin

The Level 2 twin
integrates real-time
patient data from sensors,
implants, and imaging
systems, offering insights
into healing progress and
implant stability.

Keywords
Real-time monitoring
loT-enabled implants
Patient compliance tracking

Healing rate evaluation

Predictive Twin

The Level 3 twin uses
historical and current data
to forecast patient-
specific healing
trajectories, identify at-
risk non-unions, and
predict optimal weight-
bearing timelines.

Keywords

Predictive analytics
Healing trajectory modelling
Risk stratification

Non-union forecasting

Prescriptive Twin

The Level 4 twin employs
advanced modeling and
simulations to
recommend personalized
rehabilitation regimens,
intervention strategies,
and implant adjustments.

Keywords
What-if simulation
Machine learning
Rehabilitation optimization

Proactive planning

Fig. 7. 'The consortium introduces different levels of digital twin maturity.

Autonomous Twin

The Level 5 twin
autonomously adapts
treatment protocals,
issues alerts to clinical
care teams, and refines
implants strategies,
continuously improving
patient outcomes.

Keywords

Autonomous adaption
Al-driven intervention
Continuous improvement

Precision patient care
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Patient metadata

Comprehensive metadata is collected upon the patient’s consultation at the clinic. This includes anthropometric
information such as age, sex, body height, body weight, and body mass index, along with the AO classification of
the fracture”. The patient’s treatment history is documented, including previous surgeries, revision procedures,
and prior rehabilitation efforts. Based on this information, the revision surgery is planned, explicit treatment
goals are defined (e.g., enhancing biomechanical stability or restoring functional mobility), and subsequent
rehabilitation strategies are outlined.

Workflow

The digital twin creation process followed a modular but consistent workflow across all five cases, consisting
of (1) motion capture, (2) musculoskeletal simulation, (3) patient-specific image processing and segmentation,
(4) virtual model generation, and (5) finite element simulation. While all cases shared this pipeline, differences
arose primarily in the types of anatomical regions analyzed, the implant strategies under evaluation, and the
integration of motion data. For Cases 1-4, a full-body motion capture system was used to monitor scenarios
involving the lower and upper extremities under functional tasks such as walking or arm movement (see
supplementary material). In Case 5, despite focusing on wrist motion, whole-body motion capture was used to
ensure accurate arm segment orientation and to derive consistent kinematic constraints for the wrist joint. The
setup captured segment-specific joint angles and positions, which were evaluated through an inverse dynamics
pipeline within the AnyBody™ (AnyBody Technology A/S, Aalborg, Denmark) modeling system.

Patient motion capturing

During the initial consultation and subsequent follow-up appointments throughout the patient’s recovery, a gait
or motion analysis is performed under the supervision of the senior physician. The full-body motion-capturing
system Xsens™ MVN Awinda (Xsens Technology B.V.,, Enschede, Netherlands) is used for this analysis. This
system comprises 17 inertial measurement units (IMUs) placed in standardized anatomical positions across
the patient’s body to capture precise segmental and whole-body motion data. The process is described in
detail by Braun et al.’® and Andres et al.’®, In addition to IMU-based data, specific anatomical parameters,
such as segment lengths, are measured to enhance the accuracy of subsequent biomechanical simulations and
analyses. The motion capture protocol was adapted to each case’s injury location and clinical objective. Standard
overground walking trials were recorded for lower-extremity cases (Cases 1, 3, and 4) to simulate weight-bearing
loads during gait. For the humeral fracture in Case 2, shoulder and arm movements relevant to functional
loading were captured. In Case 5, where the focus was on wrist malalignment, the patient performed isolated
radial and ulnar deviations under clinical supervision.

Musculoskeletal simulation

Musculoskeletal simulations are performed using the AnyBody™ Modelling System. The AnyBody™ software
system enables the generation of subject-specific biomechanical models for estimating muscle forces, joint
loads, and ground reaction forces, thereby providing insights into the mechanical interactions between the
musculoskeletal system and its environment. To ensure the accuracy of these simulations, key patient-specific
anthropometric parameters, including height, weight, and segment lengths, are incorporated into the model
configuration, The motion capture data of the patient serves as the kinematic input for the musculoskeletal
simulations, providing time-resolved joint angles and segment orientations. By integrating these patient-specific
parameters with recorded movement patterns, the resulting models reflect individual biomechanics, facilitating
detailed assessments of musculoskeletal function under various conditions. This data then serves as boundary
conditions in the biomechanical simulations, allowing a high degree of individualization®*.

Patient-specificimage processing

Following the completion of patient-specific measurements and musculoskeletal simulations, the obtained
CT scans undergo a segmentation process using the image processing software ScanIP™ (Synopsys, Mountain
View, CA, United States). The anonymized digital imaging and communications in medicine (DICOM) image
stacks are loaded into the software, where distinct anatomical and implant-related regions are identified based
on threshold-based differences in greyscale values. Initially, automated segmentation routines are employed to
create preliminary masks for bone, fracture, implant, and screws.

Subsequent manual refinements focus on areas requiring greater precision, particularly the proximal and
distal bone regions and the screw trajectories. In addition, careful attention is given to accurately defining the
fracture morphology and the corresponding callus area. Throughout this stage, consultation with the treating
surgeon ensures a clinically appropriate segmentation and an accurate reconstruction of the patient-specific
fracture configuration.

Virtual model generation

The next step in setting up the DT involves generating a virtual representation of the patient’s treatment
scenario, This reconstruction may represent a prior, current, or future surgical intervention. To achieve this,
data from available CT scans, X-rays, and medical reports are thoroughly examined in conjunction with the
clinical expertise of the treating surgeon. This data review ensures that the virtual model accurately reflects the
anatomical and clinical realities.

A key aspect of virtual reconstruction is modifying and optimizing existing treatment strategies. For example,
the model can be adjusted to change the thickness of an intramedullary nail, place or remove screws, add or
remove plates, or predict wrist motion outcomes before and after a planned reconstruction surgery. Before
these adjustments, the current implant situation is documented by measuring implant dimensions, assessing
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Fig. 8. Visualization of the workflow starting with the patient monitoring, then the inverse dynamic
calculation of the joint forces, the generation of the 3D models, and the FE simulation with the applied
boundary conditions.

the type and number of screws, plate hole configurations, and intramedullary nail sizes. This inventory serves
as a baseline against which planned modifications are evaluated, ensuring that the proposed changes align with
clinical goals and patient-specific needs. Further optional refinements, such as integrating motion measurement
data obtained before surgical revisions, can be introduced.

Upon finalizing the virtual representation, attention turns to refining the fracture and callus areas. Manual
adjustments supported by detailed imaging and surgical expertise ensure that these regions accurately represent
the clinical situation. In some cases, incorporating relevant boundary conditions, such as recorded motion
data, may be advantageous directly into the virtual representation, enhancing the model’s predictive capacity
regarding functional outcomes.

At this stage, two segmentation-based models are typically generated for each patient: one representing the
current state and the other the previous or anticipated future treatment scenario. Using ScanIP™, finite element
(FE) models are created for each virtual representation. Here, the image segmentation quality is first verified,
after which meshing and material assignment are performed. Therefore, an adaptive meshing with quadratic
tetrahedral elements of type C3D10, ten-node tetrahedra, is performed to represent the bone and implant
structures. The bone material properties are derived from CT grey values following established approaches34‘3’6,
while the mechanical characteristics of implants, nails, and screws are chosen based on clinically relevant
design parameters. The fracture properties reflect the condition of the soft callus, as described by Claes and
colleagues®*.

Subsequently, node sets are defined to integrate boundary and loading conditions for future simulations. Two
cuboid regions at the distal and proximal ends of the bone typically serve as reference areas for applying loads
or constraints. Once meshing, material assignments, and node-set configurations are complete, an input file is
generated. This file contains all the necessary information to guide subsequent FE simulations.

To evaluate the clinical feasibility of the proposed workflow visualized in Fig. 8, the typical time requirements
for each major step: CT image processing and segmentation (8-16 h), virtual model generation (2-4 h), meshing
and simulation setup (1-2 h), and finite element simulation with result post-processing (1-10 h depending on
model complexity). Musculoskeletal simulations based on motion capture data require approximately 1-2 h per
patient. The end-to-end process from initial imaging to mechanical analysis results can be completed within
2-3 working days. While this timeframe is incompatible with emergency settings, it aligns well with revision
surgeries and complex fracture cases involving planned interventions.

Biomechanical simulation

The input files from ScanIP™ are imported into the simulation environment Abaqus™ (Dassault Systémes, Vélizy-
Villacoublay, France). The finite element simulations were performed using the Abaqus Standard (implicit) solver
and linear elastic material models. Dirichlet boundary conditions are typically applied at the bone’s distal joint
side, where displacements and rotations are constrained in all three spatial axes. The applied loading conditions
correspond to static representations of peak joint loads, extracted from the dynamic musculoskeletal simulations
at maximum loading during representative movement (e.g., mid-stance phase in gait). While full dynamic load

Scientific Reports |

(2025) 15:19987 | https:f/doi.org/10.1038/541598-025-04792-w nature portfolio



www.nature.com/scientificreports/

profiles were generated and are provided in the supplementary material, the finite element analyses used only
the peak static load values to represent worst-case mechanical scenarios. Concurrently, loading conditions are
imposed on the proximal bone segment, guided by musculoskeletal simulation outputs that define force vectors
and load ratios. For example, as illustrated in Fig. 8, the femur is subjected to hip joint forces, while the tibia
experiences knee joint forces representative of walking conditions. Similarly, relevant shoulder movements are
modeled for upper arm fractures, and appropriate joint forces are applied at the shoulder.

Joint reaction forces and segmental loads were extracted from the musculoskeletal simulation at the time of
maximum loading during the motion cycle, typically corresponding to mid-stance in walking or maximal muscle
activation in upper-limb movement. The finite element simulations used these peak load vectors, including force
directions and magnitudes, as boundary conditions. Specifically, loads were applied to the proximal joint surface
of the bone models, while the distal ends were constrained. The stress and strain plots presented in the results
represent the output of this peak-load simulation and reflect the condition most relevant for mechanical failure
risk and decision-making.

Once the FE simulation concludes, a Python script automatically extracts essential data from the output
database (ODB). This script initiates the conversion of simulation results into a visualization-friendly format
using the Visualization Toolkit (VTK), capturing node labels and coordinates, element connectivity, and element
sets for each mask from the segmentation and model generation steps.

Additionally, displacement vectors and stress and strain tensors are mapped to the defined masks, ensuring
each structural component’s mechanical response is accurately represented. This data extraction and mapping
process enables a seamless transition from raw computational outcomes to clinically more interpretable results,
suitable for further analysis.

Evaluation

To evaluate implant stability and component performance, von Mises stress distributions are analyzed, helping
identify potential weaknesses in the chosen treatment configuration. However, the core focus of this study aims
to understand fragment motion and how various treatments influence interfragmentary mechanics. The healing
window thresholds are based on the mechanobiological criteria established by Claes et al.** and Shefelbine et
al.*%, This approach involves examining octahedral shear strain, which reflects distortional deformation, and
volumetric strain, indicative of volumetric changes and hydrostatic pressure in the fracture gap.

The interplay of octahedral shear and volumetric strains has been linked to cellular responses and tissue
differentiation, supported by the findings of Bishop and colleagues41, Garcia and colleagues‘u, and Doblaré and
colleagues®. Each tetrahedral element in the FE model is individually analyzed to determine the local strain
tensor. Subsequently, the octahedral shear and volumetric strains are calculated and evaluated within the specified
limits established by the adopted mechanobiological modeling approach®#. This analysis offers patient-specific
and treatment-related insights into the mechanical environment surrounding the fracture, informing treatment
strategies and guiding more effective, personalized orthopedic interventions.
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The original contributions presented in the study are included in the article; further inquiries can be directed to
the corresponding author. Researchers who wish to request access to data should send an email indicating the
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Abstract: Temporomandibular joint replacement is a critical intervention for severe tem-
poromandibular joint disorders, enhancing pain levels, jaw function and overall quality of
life. In this study, we compare two finite element method-based simulation workflows from
both academic and industrial perspectives, focusing on a patient-specific case involving a
custom-made temporomandibular joint prosthesis. Using computed tomography data and
computer-aided design data, we generated different 3D models and performed mechanical
testing, including wear and static compression tests. Our results indicate that the academic
workflow, which is retrospective, purely image-based and applied post-operatively, pro-
duced peak stress values within 9-20% of those obtained from the industrial workflow.
The industrial workflow is prospective, pre-operative, computer-aided design-based and
guided by stringent regulatory standards and approval protocols. Observed differences
between workflows were attributed primarily to distinct modelling assumptions, simplifi-
cations and constraints inherent in each method. To explicitly quantify these differences,
multiple additional models were generated within the academic workflow using partial
data from the industrial process, revealing specific sources of variation in stress distribution
and implant performance. The findings underscore the potential of patient-specific simula-
tions not only to refine temporomandibular joint prosthesis design and enhance patient
outcomes, but also to highlight the interplay between academic research methodologies
and industrial standards in the development of medical devices.

Keywords: temporomandibular joint replacement; finite element analysis; biomechanics;
custom-made prothesis; experimental prothesis testing; patient-specific model generation

1. Introduction

Temporomandibular joint replacement (TMJR) represents a critical surgical interven-
tion for patients with severe temporomandibular joint (TM]) disorders, offering significant
improvements in pain levels, jaw function and quality of life [1]. This procedure has become
a standard of care for end-stage TM] disease, particularly when conservative treatments
fail to provide relief. The TMJ concepts system, along with other prosthetic systems, has
shown promising results in restoring form and function, reducing pain and improving
dietary consistency [2,3]. Studies have also found that total alloplastic TM] prostheses are
an efficient, safe and stable long-term solution, with significant improvements in mouth
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opening, pain relief and satisfaction with the surgery [4]. In addition, studies in humans
and animals have shown that disturbances in normal masticatory function can lead to
morphological and functional changes in the craniomaxillofacial system [5,6]. Despite
all these advancements, the long-term implications of TMJR on masticatory function and
overall biomechanics remain not fully understood [7,8]. Therefore, a clearer understanding
of the biomechanical effects of TMJR is essential both to identify design shortcomings and
to optimize the prostheses as well as the patient care.

The outcome of TM] reconstruction is highly dependent on the kinematic performance,
especially in the treatment of patients with internal derangement cases and in restoring
form and function following the removal of failed TM] implants [9]. In this context,
understanding the biomechanics of the TMJR is important for improving the design and
ensuring long-term success [10]. A kinematic study comparing the TM] movements of
healthy subjects with those of patients undergoing unilateral TM] arthrotomy with metal
fossa-eminence partial joint replacement showed significant differences in joint kinematics,
underlining the need for biomechanical testing in design and development [11].

Finite element (FE) modelling has been widely used to evaluate the biomechanical
behavior of TM] prostheses [12,13]. Simulation-based studies have also shown that relevant
shear forces can occur during mastication, which underpins the need for accurate muscu-
loskeletal modelling in surgical planning [14]. It has also been shown that the development
of customized temporomandibular fossa prostheses based on musculoskeletal simulations
can significantly improve the outcome of total joint replacement procedures [15]. Simu-
lation techniques, such as computed tomography (CT) scan data modelling, have been
instrumental in the development and evaluation of custom prostheses for TMJ reconstruc-
tion [8]. These methods provide valuable insights into the performance and longevity of
prosthetic joint replacements.

Joint simulators, like the VIVOTM joint simulator [16,17], provide a platform for eval-
uating the mechanics of joint replacements, including TMJ [18]. Computational modelling
has also been used to study the fixation of fossa components in TMJR surgery, demonstrat-
ing the importance of personalized 3D-printed joint prostheses for optimal outcomes [19].
The biomechanics of the intact and implanted mandible during different biting tasks can
reveal significant differences in joint movements and load distribution, which is helpful in
identifying design limitations and improving possibilities.

In this study, we compare two different workflows for a selected real patient identified
as a relevant clinical use case. The first workflow is the process of the manufacturer of
the patient-specific TM] prosthesis. This workflow is based on the pre-operative clinical
image data, the surgical planning and the individualized design of the prosthesis together
with the treating clinician. This procedure includes the mechanical tests and simulations
required by the regulatory framework for the use of patient-specific TM] prosthesis. This
prospective workflow takes place entirely before the patient’s surgery.

In contrast, the academic workflow is based exclusively on post-operative clinical
image data and takes place retrospectively to the patient’s surgery. In this context, the term
“academic workflow” specifically refers to a simulation process relying solely on image
segmentation and post-operative CT data, rather than proprietary pre-operative computer-
aided design CAD data. As 3D-CAD data from manufacturers are not normally available
in the academic environment or are only accessible with high barriers [20], academic
simulation models are normally obtained exclusively from segmentation processes. To
better assess the differences between the two concepts, one industry-driven and prospective
and the other downstream and retrospective, we generated additional models based on the
academic approach that link the segmented models with the manufacturer’s CAD data.
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We show that the differences between the simulation results are small within the
different assumptions and simplifications made. The study thus provides important
insights regarding the possibilities of patient data-based simulations for TM] prostheses,
which hold substantial interest for the scientific community of this field. The main goal of
this study was to show academic groups working purely retrospectively on image data, as
the authors themselves normally do, a comparison with industry data-based simulations
to enable them to better evaluate their own results.

The structure of the paper is organized as follows: Section 2 describes the patient data
and methods used in both workflows to generate the computational models. Section 3
presents experimental results, including wear and static compression tests, as well as the
simulation outcomes from both workflows. Section 4 discusses these results, focusing
on the comparison between the industrial and academic approaches. Finally, Section 5
summarizes the key findings and conclusions drawn from the study.

2. Materials and Methods
2.1. Patient Case Data

A 35-year-old female patient presented with a fracture of the condylar process due to
trauma. Initial treatment involved standard fracture management with mini plates. How-
ever, post-operative complications included an infection necessitating the removal of the
condylar fragment. The patient exhibited reduced dentition, attributed to poor oral hygiene
rather than trauma. Pre-operative planning was carried out using CT imaging, while post-
operative assessments were conducted utilizing different imaging modalities, including
CT, digital volume tomography (DVT) and orthopantomography (OPT). A custom-made
TM]J prosthesis, consisting of a titanium alloy (Ti-6A1-4V) condyle and fossa component
with ultra-high molecular weight polyethylene (UHMWPE) as joint surface, was inserted.
Figure 1 provides an overview of the treatment and the personalized TM] prosthesis.

The Ti-6Al-4V material used for the prosthesis offers a favorable surface for osseoin-
tegration, combined with high mechanical strength and ductility [21]. Due to the issues
associated with a pure UHMWPE fossa, such as increased backside wear, poor surface
for bone fixation, the increased chance for “cold flow” and a higher risk of osteolysis [19],
we did not select a fossa made entirely of UHMWPE. Instead, UHMWPE was utilized as
a sliding layer between two titanium alloy components, specifically as the joint surface
on a Ti-6Al-4V base for the fossa component. The UHMWPE part is pressed onto a Ti-
6Al1-4V base body. This design combines the mechanical benefits of Ti-6Al-4V with the
low-friction properties of UHMWPE at the articulating surface. Additionally, UHMWPE
is recognized as a suitable material for articulating surfaces in joint implants according
to DIN EN ISO 21534:2009. The condylar head’s design closely resembles the natural
condyle, potentially leading to more natural movement for the patient. Custom-made
prostheses outperform stock devices by providing a better fit, reducing operating time
since no modifications are needed during surgery, and potentially decreasing wear and
increasing implant longevity [19].

2.2. Industrial Workflow

The prosthesis manufacturer’s workflow described below is certified and officially
approved by the authorities. After that, the workflow is frozen and has no room for changes,
experiments or tests.

2.3. Segmentation and 3D Geometric Model Generation

The pre-operative CT scan was segmented using Mimics Medical 23.0 (Materialise,
Lowen, Belgium). The CT data comprised 711 slices, each with a pixel size of 0.43 mm,
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a slice increment of 0.3 mm and a slice thickness of 0.5 mm. Masks were created for
the mandible and teeth to generate stereolithography (STL) files for the finite element
simulation. Additional masks for the facial nerve, cranium and soft tissue were generated
to assist in the pre-operative planning process. These additional masks ensured safe
distances from critical anatomical structures during the surgical procedure but were not
included in the FE model used for biomechanical analysis. A standardized thresholding
process, as suggested by Mimics, was applied, followed by visual control and manual post-
processing as needed. The segmented data were then used to generate a 3D model, which
was exported as an STL file. Case planning and the design of the TM] prosthesis, including
the placement of screws, were conducted using Geomagic Freeform Plus 2021.0.56 (3D
Systems, Rock Hill, SC, USA). The mandible and teeth were merged into a single part, and
the final design was exported as STL files for further processing and manufacturing.

W

Figure 1. Illustration of the segmentation and model generation process. (A) Threshold-based image
of the 3D tomogram giving an overview of the patient situation. (B—-D) The results from the academic
workflow and (E,F) the results from the industrial workflow. (B) Lateral view of the segmentation
result. (C) Anterior view of the geometric 3D model after segmentation. (D) Same illustration as
(C) with transparent bone to show the segmentation of the teeth and the position of the screws. The
numbers correspond to the numbering of teeth according to the FDI world dental federation notation.
(E) Segmentation results together with the CAD data of the treatment from the surgical planning.
(F) Overview of the CAD data for visualization of the treatment. Items (A-D) were generated based
on data from ScanlP, and items (E,F) were generated using data from Mimics; see the Segmentation
and 3D Geometric Model Generation section of the two workflows below for further details.
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2.4. Material Assignment and Meshing

The following material properties were used in the modelling: the part representing
the mandible and the teeth were modelled as isotropic and linear elastic material [22] with
a Young’'s modulus of 10 GPa and a Poisson’s ratio of 0.3. The TM] prosthesis and the
screws are also modelled as isotropic linear elastic material with the values for Ti-6Al-4V
given in [23] and in Table 1. The mesh generation resulted in a FE model with quadratic
ten-node tetrahedral elements. The mesh information is given in Table 2.

Table 1. This table is essentially taken from Pinheiro et al. [12] and has only been adapted here to our
application and its underlying data.

Young's . ; ; Young's
Mask Modulus Poﬁzi?;‘ s CT(;?};RS CT(EEI;;’;;Y Moduli
E (MPa) ! pike/ Law
Mandibular, -
Trabecular 180-380 0.300 —1000-500 0 < p <1000 = 2.'(())1004
Bone P
Mandibular, 11,300- 1001 < p E =0.005
Cortical Bone 22,900 0.300 SiL-Si500 <2000 p201
Dentin 24,535 0.300 <2000 - -
Enamel 39,605 0.300 >2000 - -
Ti-6Al-4V 113,800 0.342 - - -
Bone 10,000 0.3 - - -

Table 2. Number of nodes and mesh cells of all models from both workflows.

Number
of Nodes Number of Mesh Cells
Teeth
’ T™]J No. No. No. No. No. No. No. No. Treatment
Workflow  Model Mandibular  p . cthesis 31 32 33 34 41 4 43 47  ofNo.43
N:I?)dil 1,055,863 535,018 75,635 7295 6147 10,902 7024 5641 7763 5391 17,721 3485
l\lic())dgl 1,069,302 544,807 76,398 6679 6152 10,908 6962 5886 7616 4986 17,377 3351
Academic pv—
Nc; 2 1,056,745 536,552 74,826 6701 5956 10,941 7192 5710 7742 5347 17,688 3560
Model 57 g¢7 72,602 19,148 - - - - - N B . B}
No. 4
Industrial 975,770 164,306 435,695 - - - - - - - - -

2.5. Boundary Conditions

To ensure a high level of comparability between the two workflows, the boundary
conditions used in the industrial workflow were also applied in the academic workflow.
To apply the Dirichlet boundary conditions for the fixation of the models, two regions of
interest (ROIs) were marked: one for the TM] prosthesis and one for the opposite side of
the mandible. These ROIs were exported as node sets during the meshing process. Another
ROI was defined as tooth number 47, the first molar, to apply the bite force. In addition,
ROIs were also marked to apply the boundary conditions given by the different muscles, cf.
Figure 2.
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Boundary Conditions

A Right Superficial Masseter: 149.68 N
. Right Deep Anterior Masseter: 19.811

. Right Deep Posterior Masseter: 9.2488 N

. Right Anterior Temporalis: 174.63 N
. Right Posterior Temporalis: 47.085 N
. Right Medial Pterygoid: 137.68 N

. Right Superior Lateral Pterygoid: 6.1164 N
. Right Inferior Lateral Pterygoid: 28.424 N

. Left Superficial Masseter: 123.21 N
. Left Deep Anterior Masseter: 18.378 N

[B Left Deep Posterior Masseter: 5.5056 N

[ Left Medial Pterygoid: 104.44 N
M Right Support

N Left Support

. Molar Bite Force: 450 N

N

Figure 2. Illustration of the set-up of the boundary conditions based on the musculoskeletal simula-
tion. In addition, the two supports for the fixed Dirichlet boundary conditions are shown in purple
as well as the area for applying the molar bite force. The left-hand column contains all the values that
were applied for the individual muscle forces.

Therefore, a standardized musculoskeletal simulation was performed using the Any-
Body standard symmetric mandible model [24,25] within the AnyBody modelling system
(AnyBody Technology A /S, Aalborg, Denmark). In this framework, muscle forces are
computed using inverse dynamics combined with static optimization, which determines
the net forces necessary to perform a given task. A biting task was simulated by applying a
450 N force at the first molar on the right side. This force was lower than the maximum bite
forces reported by Ferrario et al. [26] and closely matched the loading conditions used by
Pinheiro et al. [12], corresponding to 50% of the bite force values documented by Woodford
et al. [27]. The resulting muscle forces (Figure 2) exceeded the values reported by Waltimo
et al. [28], yet remained within the range documented in [12] and were accepted for use in
the authorization process.

The simulation calculates both the magnitude and direction of each muscle force based
on the geometry and kinematics of the underlying model.

Subsequently, the computed muscle forces were directly transferred to the patient-
specific FE model. The force directions and magnitudes were used unaltered, and the
muscle attachment points were mapped from the AnyBody model onto the patient-specific
model. Muscles attached to the resected bone parts were removed to reflect the actual
surgical conditions, ensuring the accuracy of the biomechanical environment post-resection.

To simulate the post-operative stabilization, the condyles were fixed. The boundary
conditions are given in Figure 2. The illustration shows the positioning and the applied
forces of the individual muscles. In addition, the fixed support of the condyles and the
applied molar bite force are shown.

2.6. FEA Simulations

A standardized workflow was performed to generate the simulation model. This
industry process ensured consistency and reproducibility across simulations and cases.
To accurately simulate the biomechanical interactions, contact was established using the
following constraints: (1) screws and prosthesis: bonded with a multi-point constraint and
(2) screws and mandible: bonded with a multi-point constraint. The modelled bonded
contact for the screw interface replicates the fixed connection between screw and bone
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material for an ingrown condition as well as between screw and plate for a locked thread
connection. This condition is known to effectively replicate the global deformation behavior
and the load transfer through the fixation construct when local stresses in the threads and
the interface are not considered [29,30]. These constraints accurately reflected the clinical
conditions and ensured the reliability of the simulation results. The contact between
prosthesis and mandible was considered as part of the approval process of the software
in the verification step, but as there was no penetration of the bone, it was decided not to
consider this contact in the frozen workflow.

2.7. Mechanical Testing

The TM] prosthesis by KLS Martin (KLS Martin SE & Co. KG, Tuttlingen, Germany)
was realized as a custom-made device made of Ti-6Al-4V and UHMWPE. The average wear
of the prosthesis was tested on the robotic system HORST600 (fruitcare robotics GmbH,
Konstanz, Germany). The wear test was conducted with reference to the standard ISO
14243-1. The prosthesis components were moved against each other in a cyclic movement
consisting of 5 Mio cycles with a constant load representing a normal chewing force of
20 N [31,32]. This movement consisted of a combination of a 12° rotation and a translational
movement of 8.5 mm anterior /posterior and 0.7 mm medial/lateral of the condyle. The
wear was measured gravimetrically, and the net mass loss and average wear rate were
calculated in accordance with ISO 14243-2.

For the static compression tests, the worst-case design was tested on the standard
testing device Z020 (ZwickRoell GmbH & Co. KG, Ulm, Germany) with five testing
samples. The native bone was replaced with a patient-specific mandible model made of
polyamide (PA), produced via additive manufacturing on EOS Formiga P110 (EOS GmbH,
Krailling, Germany). The TM] prosthesis, including the titanium condyle component, was
fixed to this PA mandible model in a closed jaw position (0° opening) and loaded until
failure. PA was chosen as the bone substitute material because it allowed for accurate
replication of the patient’s mandible geometry and consistent fixation of the implant [33,34].
We acknowledge that the use of PA may affect contact stiffness compared to natural bone
or titanium. Nonetheless, it provided a practical and reproducible means to evaluate the
prosthesis under standardized testing conditions [35,36]. The load was applied 30 percent
on the contralateral and 70 percent on the ipsilateral side of the defect, as has been done in
similar test setups [37]. After testing, the samples were scanned with the 3D scanner ATOS
Core (Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany) to compare the
state of the samples before and after testing to check for deformation.

2.8. Academic Workflow
Segmentation and 3D Geometric Model Generation

The individual digital imaging and communications in medicine (DICOM) image
stack of the patient’s post-operative CT scan was used to create a geometric model. The
tomogram consists of 434 images with a constant voxel, i.e., volumetric pixel, size of
0.3 mm in all three spatial directions. The image stack was segmented into different
masks: (1) the mandible, (2) TM] prosthesis, (3)/(4) the two mandibular central incisors,
numbers 41 and 31 in the FDI world dental federation notation (ISO 3950), (5)/(6) the
two mandibular lateral incisors, numbers 42 and 32, (7)/(8) the two mandibular canines,
numbers 43 and 33, (9) the lower left mandibular first premolar, number 34, (10) the lower
right mandibular second molar, number 47 and (11) a past treatment of tooth number 43,
i.e., mask (7). The segmentation process was realized in the software ScanIP (ScanIP V24-06 -
Academic, Synopsys, Mountain View, CA, USA) and started with an adaptive thresholding
procedure for every mask. After that, for each mask, the morphological filters “island
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removal”, “cavity fill” and “fill gaps” with a priority order were applied resulting in a
first segmentation. Then for each mask, the results were visually controlled and manually
post-processed to provide a high-quality segmentation without detectable problems, cf.
Figure 1A-D for the segmentation result.

Since the industrial workflow uses computer-aided design (CAD) data of the treatment
rather than a segmented model of the TM] prosthesis, we decided to create four models
within the academic workflow to gradually transition from a purely segmented model
toward the industrial workflow and to highlight differences in the results. These four
models are:

Model No. 1: A standard version based solely on the segmented data (bone, teeth
and prosthesis).

Model No. 2: A segmented bone-teeth model in which the prosthesis was replaced by
the CAD-data from the prosthesis design representing the actual treatment.

Model No. 3: A segmented bone-teeth model in which the prosthesis was replaced by
the CAD-based prosthesis design (the same as Model No. 2) but including two additional
“dummy screws” (described below) from the surgical pre-operative planning, i.e., the
model used in the industrial workflow.

Model No. 4: A further adaptation (described under subsection FEA simulations) that
incorporates contact boundary conditions and a more simplified model, closely reflecting
the industrial approach.

Here, the term “dummy screw” refers to two screws that were planned to be used
during the pre-operative consultation with the clinician but could not be placed intraopera-
tively due to surgical constraints. Since the industrial workflow (based on pre-operative
data) includes these screws, whereas the academic workflow (based on post-operative data)
generally does not, both variants were simulated for consistency and comparability. This
approach enables a thorough comparison of all models via biomechanical FE analysis.

For Models No. 2, No. 3 and No. 4, the CAD data of the two prosthesis designs were
imported into ScanIP and manually aligned with the segmentation using the “position and
orientation” tool. Subsequently, the surface deviation between the CAD-based prosthesis
and the segmented prosthesis was computed via ScanlP’s surface deviation function, which
uses sampling points and the closest-point method. This procedure facilitates assessment
of the segmentation quality.

2.9. Material Assignment and Meshing

The assignment of material properties proceeded as follows. The mandible was
modelled as an isotropic, non-homogeneous, linear elastic material. In this context, “non-
homogeneous” indicates that the Young's modulus was computed for each mesh cell
based on the corresponding Hounsfield units (HU) from the CT data, with each mesh cell
treated as homogeneous at that local scale. All other materials were defined as isotropic,
homogeneous and linear elastic. The complete set of material parameters and HU-based
mappings can be found in Table 1.

Because no calibration phantom was used, the CT scans were calibrated via linear
interpolation between two known data points, as described by Zannoni et al. [38]. Following
the approach of Gray et al. [39], the mean radiographic densities of water and air served as
reference points. Subsequently, the calibrated CT data were mapped linearly to CT density
in accordance with the values presented in Table 1. The Young’s modulus for each mesh
cell was then calculated by applying the power-law relationship also provided in Table 1.

For the masks representing the teeth, we used the mean values reported in Pinheiro
et al. [12] for dentin and enamel, referencing Murphy et al. [40] and Zhou et al. [41]. The
distinction between dentin and enamel was established according to the respective HU in
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the CT data. For the treatment area of tooth number 43, we assigned the material parameters
of enamel, since this region does not influence the FEA outcome and is treated equivalently
to healthy tooth structure. The TM] prostheses were assigned material properties from
Pinheiro et al. [12] and Korioth et al. [42]. All material assignments were performed in
ScanlP, where the Young’'s modulus and Poisson’s ratio were stored for each mesh cell in
the computational grid.

Regarding the meshing strategy, we selected quadratic, ten-node tetrahedral finite
elements (C3D10) with straight edges for all masks. Volume meshing was carried out in
ScanIP using a coarseness factor of “—10" for all masks. The resultant mesh details are
summarized in Table 2. Following the meshing step, all data were exported as input files
for the Abaqus CAE /2022 simulation environment (Dassault Systéemes, Vélizy-Villacoublay,
France).

The four finite element (FE) models developed and employed in the academic work-
flow are illustrated in Figure 3. Model 1 was generated solely from segmentation data and
served as baseline geometry. Model 4 was specifically developed for contact simulations to
better replicate prosthesis—screw-bone interactions. Models 2 and 3 integrated segmented
mandibular and dental anatomy with the CAD-based prosthesis: Model 2 corresponds to
the finalized clinical treatment scenario, while Model 3 reflects the pre-treatment planning
stage, including two additional dummy screws for simulation purposes.

A B

Figure 3. Finite element meshes of the four models used in the academic workflow: (A) Model
1—segmentation only; (B) Model 4—used for contact simulations; (C) Model 2—final treatment
model combining segmentation and CAD prosthesis; (D) Model 3—planning stage model with two
additional dummy screws.
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2.10. FEA Simulations

To biomechanically simulate the patient’s current treatment, we adopted a simulation
workflow previously employed for patient-specific analyses and virtual testing of bone-
implant systems [43-45]. In the present work, we partially transferred this established
workflow to the patient-specific evaluation of a TM] prosthesis.

All simulations were performed in Abaqus on a standard workstation (Intel® Core™
19-9920X CPU @ 3.50 GHz, 128 GB RAM, 64-bit Windows 10 Pro). The simulations were run
sequentially in a queue managed by a custom Python script (Abaqus Python 3.7). Result
files in the Abaqus output database (odb) format were post-processed with Python-based
in-house software. Consistent with the previously cited workflows, contact interactions
were initially omitted. This approach is typical in academic workflows, which often rely
on segmented datasets that produce large, highly refined meshes. Such fine meshes sub-
stantially increase computational time, particularly when the prosthesis is also generated
by segmentation. This approach can introduce geometric inaccuracies compared to a
CAD-based representation.

Nevertheless, recognizing the importance of contact conditions on the biomechanical
performance of TM] prostheses, we conducted two additional simulations mirroring the
industrial workflow: one with contact and one without. To reduce computational expense,
we created a simplified mesh by merging the mandible and all teeth into a single mask and
assigning a uniform elastic modulus of 10 GPa. This simplified model, introduced above as
Model No. 4, was derived from the CAD representation of the prosthesis, including the
two dummy screws.

In the contact simulation, “surface-to-surface contact” was specified in Abaqus, with a
friction coefficient of 0.3 [46] for tangential behavior and “hard contact” for normal behavior.
The contact surfaces were automatically generated in ScanlIP and exported via the Abaqus
input file. Figure 4 depicts the results from these two simulations, illustrating the potential
influence of contact interactions on the overall biomechanical analysis.

B:450NR
Von Mises Stress, normalized
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Figure 4. Cont.
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Figure 4. Illustration of the simulation result of the industrial workflow. The images show the
normalized von Mises stress distribution of the prosthesis for the given molar bite force.

3. Results
3.1. Mechanical Testing

Figure 5 shows the average wear rate recorded during testing. The graph shows a peak
for both components after the first 500,000 cycles, followed by a decrease. These results
align with general findings that indicate a “running-in” phase, followed by a “steady-
state” phase [47]. Calculating the volume loss based on the number of cycles results in a
wear of 0.624 mm?®/10° cycles for the fossa components and 0.0688 mm?/10° cycles for
the condyle component. The results for the fossa component are similar to the volume
losses found in comparable devices, such as the fossa component of the Groningen pros-
thesis (0.65 mm?/ year) [48,49]. However, the results for the condyle component are less
comparable due to a lack of data on the wear of metal components in total joint replace-
ments. Therefore, the results are compared to metal-on-metal pairings in hip prostheses,
which showed wear between 0.24 mm?/10° cycles and 1.84 mm?/10° cycles [50]. In both
cases, the custom-made TM] prosthesis demonstrated wear rates below those of other total
joint replacements.

Average Wear Rate aG after n Cycles

—o— Fossa
—#— Condyle

1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 3,500,000 4,000,000 4,500,000 5,000,000
Number of Cycles n

Figure 5. Graph displaying the average wear rate of the fossa and condyle components during wear
testing in steps of 500,000 cycles. The wear rate was calculated according to ISO 14243-2, chapter
4.6.5. Here, Wy, is the net loss in mass after n cycles and b is a constant.
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In the static compression test, no differences were observed between scans before and
after testing, indicating no deformation in the implants, with only minimal deformation
observed in the fossa. The maximum loads reached 1540 N on average. Failure occurred in
the tested samples due to screws being pulled out of the polyamide jaw at the maximum
loading of the test setup, not due to damage to the implant itself. Figure 6A illustrates the
typical load case, Figure 6B,C show a before/after comparison for the worst case of the
Fossa component (B) and the Condyle component (C). For both components, the deviation
of the surface area stays below 0.3 mm. The Fossa component (B) has a slight indentation
at the point where the condyle was pressed into it. The condyle component does not show
any deformation from the compression test. Overall, the results demonstrate the robustness
and wear resistance of the custom-made TM] prosthesis compared to other devices.

[mm]

0.30

0.23

0.08

0.00

-0.08

-0.30

Figure 6. Illustration of the static compression test of the TM] prosthesis by KLS Martin. (A) The test
setup used for the compression test. (B,C) An example of a comparison of the surface of a fossa (B)
and condyle (C) component before and after loading,.

3.2. Segmentation and 3D Geometric Model Generation

Figure 1 presents the segmentation results from both workflows. Figure 1A shows a
threshold-based representation of the 3D tomogram to provide an overview of the patient
situation after surgery. Figure 1B-D display the results of the academic workflow, whereas
Figure 1E,F show the industrial workflow. In Figure 1B, a lateral view of the segmentation
is depicted, while Figure 1C,D show an anterior view of the 3D model. Figure 1D is
partially transparent to highlight the segmented teeth and screws. Figure 1E depicts the
segmentation result from the industrial workflow alongside the generated CAD data of the
planned treatment. Finally, Figure 1F provides an overview of this planned treatment.

A direct comparison of the segmented mandible bones was omitted because different
software systems and masks were used. For a valid comparison, the segmented masks in the
academic workflow would have to be converted into STL surfaces to align with the STL data
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from the industrial segmentation. However, especially for small structures such as teeth,
artifacts and minor errors occur during file conversion, affecting the results. Consequently,
no comparison was conducted for the segmented bones. Instead, as described below, the
focus was on comparing the TM] prosthesis.

Figure 7 displays the segmentation results for the TM] prosthesis. Figure 7A,B show
the prosthesis based on the CAD data from the surgical planning provided by the industrial
partner. Figure 7C illustrates the corresponding segmentation outcome in the academic
workflow, which captures the prosthesis geometry reasonably well, despite minor artifacts.
Figure 7D shows the same model after applying recursive Gaussian smoothing with an
isotropic value of 1.5 pixels. Although smoothing reduces artifacts, it introduces new
challenges for the segmented screws. Because the screws in this application are relatively
small (in this study, the voxel size is 0.3 mm?, and thus each screw consists of only a few
voxels), even adding or removing one or two voxels becomes visibly significant in the
3D model. Consequently, recursive Gaussian smoothing was not applied to preserve the
screws. Figure 7E shows the screws on the back side of Figure 7C. This configuration
was used for Model No. 1 in the academic workflow, with each screw visually inspected
and manually refined when needed. Another difference between the CAD-based surgical
planning and the segmented TM] prosthesis is as explained above the presence of two
so-called “dummy screws” in the planning (Figure 7B) and their absence in Figure 6E.

A B

dummy screws,
not included in the
treatment, cf.
subfigure E)

Figure 7. (A,B) Illustration of the CAD data representing the custom-made implant. (C) Result of
the academic segmentation process for the implant. (D) Implant from (C) after applying a recursive
Gaussian smoothing. (E) Backside of the segmented implant from (C).
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Figure 8 presents the distance map (in millimeters) between the CAD data of the TM]
prosthesis and its segmented counterpart, visualized on the CAD model. The distances are
mostly below 1 mm, with the greatest deviations around the two dummy screws, which are
only present in the CAD data but not in the current treatment. These small discrepancies
indicate that the segmentation results are largely accurate, consistent with the similarity
observed in the subsequent simulation outcomes.
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Figure 8. Illustration of the surface deviation in millimeter of the CAD-based TMJ prosthesis after
their placement on the segmented TM] prosthesis in the CT image stack. The highest differences are
at the two dummy screws which are of course missing in the segmented TM] prosthesis. (A) shows
the lateral view on the prosthesis and (B) the backside and the screws.

3.3. Biomechanical FE Simulations

The industrial partners in this study normalize their simulation results against an
in-house material limit, specified in MPa and calculated as von Mises stress. This material
limit incorporates requirements for the selected material, the manufacturing process and
a safety factor. Because these details are proprietary, all academic workflow results are
normalized relative to the industrial workflow’s maximum stress value, without disclosing
the latter.

Figure 9 shows the academic workflow’s simulation results. Figure 9A illustrates the
outcome for the fully segmented model, exhibiting a normalized maximum von Mises
stress of approximately 1.20, about 20 percent above the industrial workflow reference.
This maximum is also roughly 10 percent higher than those seen in the two other academic
simulations, highlighting differences between a segmented representation of the treatment
and its CAD-based version.

Figure 9B,C both show maxima of around 1.11 and 1.09, respectively. The slight
variation mainly arises from differences in mesh generation and the manual alignment
of the prosthesis. These results also indicate that the two dummy screws present only in
the planning phase have no relevant impact on the performance of this custom-made TMJ
prosthesis. All three academic models display their maximum stress at the same prosthesis
location for the analysed molar bite force.
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Figure 9. Simulation results of the Models No. 1, No. 2 and No. 3 in the academic workflow.
(A) Model No. 1 based on the segmentation results. (B) Model No. 2 combining segmentation
and CAD data of the prosthesis for real treatment. (C) Model No. 3 combining segmentation and
CAD data of the prosthesis with the two additional screws. All images show the von Mises stress
distribution of the prosthesis for the considered molar bite force.

Figure 4 presents the industrial workflow’s simulation results. Under the specified
boundary conditions, about one-fifth of the material limit is reached. Notably, the maximum
stress region differs from that observed in the academic workflow simulations, partly due
to how boundary conditions are applied. In the industrial workflow, they are derived from
a corresponding model, whereas in the academic workflow, muscle attachment sites must
be manually defined in ScanIP or Abaqus. Additionally, minor differences in the coordinate
systems of the various software platforms may contribute to these deviations.
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Figure 10 compares simulations with and without contact conditions between the pros-
thesis and the mandible for the simplified version Model No. 4. When contact conditions
are excluded (Figure 10A), slightly higher peak stresses are observed. Including contact
(Figure 10B) reduces the peak stress by nearly 9 percent. Although this difference is small
in the current application, it may be significant in other scenarios. Decisions regarding
whether to include contact conditions should thus be made on a case-by-case basis.

A Maximum: 1.09

J <

von Mises stress
36e04 01 02 03 04 05 06 07 08 09 1 lle+d0

Maximum: 1.00882
B
Qf'm,g;. 2;} &)
\ 4

von Mises stress
90e05 01 02 03 04 05 08 07 08 09 10e+00

Figure 10. Illustration of the simulation result comparing the influence of contact conditions between
prosthesis and mandibular. (A) Normalized von Mises stress distribution for the simplified version of
Model 3 without contact conditions. (B) Normalized von Mises stress distribution for the same model
with contact conditions. In the case of contact conditions, the peak stress is almost 9 percent lower.

4., Discussion

This study demonstrates that two simulation workflows, each relying on different
preconditions and assumptions, can nevertheless yield comparable results. The observed
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differences can be explained by the different assumptions made in each workflow, high-
lighting opportunities for future investigations.

A key factor affecting the academic workflow’s outcomes, as noted by Pinheiro
et al. [12], is the absence of a dedicated material mapping law for the mandible in lit-
erature. We therefore adopted the material mapping introduced by Pinheiro and colleagues.
Although their choice is well-reasoned, addressing this limitation would require extensive
experimental work, which lies beyond the scope of the current study. This issue is closely
linked to the industrial workflow’s use of a single set of material parameters; indeed, differ-
ences in the level of detail for bone stiffness likely contribute to the observed variations.

Another closely related aspect is the segmentation process itself, which is subject
to error. As Irshad et al. [51] showed, repeated segmentation may yield inconsistent
results, and outcomes can also depend on the software employed. Moreover, boundary
conditions could potentially be enhanced by using alternative meshing techniques, such
as iso-topological meshes [52], which were not part of either workflow here but may offer
advantages in future studies.

Further consideration is the handling of contact between the prosthesis and screws,
and between the prosthesis and bone. In the academic workflow, no contact was defined,
as such a distinction is not feasible when both prosthesis and screws are purely segmented.
By contrast, in the industrial workflow, contact conditions are included, leading to a more
realistic stress distribution.

The manual alignment of the 3D prostheses also affects the results. Minor deviations
arise both within the academic workflow (across different models) and between the aca-
demic and industrial workflows. In addition, small discrepancies exist between the planned
prosthesis positioning and its actual intraoperative placement, particularly for the screws
and their insertion angles. These deviations from the ideal 3D CAD model are unavoidable
in surgery but were found to have only a minimal impact on the simulation outcome, as
illustrated by the simulations in the academic workflow. They also confirm that excluding
the two unused “dummy screws” has little influence on the peak stress.

In addition to these technical considerations, our findings have important implications
for patient care and the future design of TM] prostheses. First, the simulation-based
approach presented here can enhance clinical outcomes by enabling more personalized
treatment strategies. By providing a detailed, patient-specific biomechanical analysis, such
methods have the potential to optimize implant design for individual anatomical variations,
potentially reducing surgical time and minimizing post-operative complications.

Moreover, the retrospective simulation method offers a valuable tool for future de-
sign improvements. It allows researchers and clinicians to evaluate the performance of
prosthesis designs using post-operative data, thereby identifying design limitations and
areas for enhancement that may not be apparent during pre-operative planning. This
retrospective analysis also enables academic groups to develop and test alternative designs
independently, without relying on proprietary CAD data from manufacturers. While this
independence can spur innovation by fostering novel design approaches, it also carries
certain risks. For instance, designs developed solely through academic simulation may not
fully consider manufacturing constraints or regulatory requirements and therefore must be
rigorously validated before clinical adoption.

While our study is based on a single clinical case, we view this work as a proof-of-
concept that establishes the feasibility of comparing simulation workflows in TM] replace-
ment. The patient included in this report was specifically selected because she underwent
a unilateral TM] replacement with comprehensive pre- and post-operative imaging data.
Moreover, she was one of the first patients to receive a customized TM] prosthesis, limiting
our ability to increase the number of cases at this stage. The limited number of cases
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restricts the generalizability of our findings, and we acknowledge that further validation
with a larger cohort is required to statistically substantiate these preliminary results. In
the future, we plan to conduct a simulation-based study involving a larger patient cohort,
allowing for statistical analysis and improved generalizability. Nevertheless, the insights
gained from this single-case comparison offer valuable guidance for refining simulation
models and identifying key design parameters that could influence prosthesis performance.

5. Conclusions

This study demonstrates that academic and industrial simulation workflows for TM]
prostheses, despite differing in data sources, assumptions and timing, can yield comparable
biomechanical outcomes. The academic workflow, relying solely on retrospective, image-
based modelling, was able to reproduce key features of the industrial, pre-operative CAD-
driven process. Differences observed between workflows were primarily due to variations
in material assumptions, segmentation detail and modelling of contact conditions.

In terms of clinical significance, our findings suggest that simulation-based approaches
have the potential to enhance patient care by enabling personalized treatment strategies for
TM] replacement. A detailed, patient-specific biomechanical analysis can help optimize
implant design to match individual anatomical and functional requirements, potentially
reducing surgery time and minimizing post-operative complications. Moreover, the retro-
spective simulation method offers a means to refine prosthesis designs based on real-world
clinical outcomes, complementing the manufacturer-based pre-operative planning process.
However, it is important to recognize that while academic-driven simulation models pro-
vide an independent avenue for innovation, they also carry risks if designs are developed
without fully integrating manufacturing constraints or regulatory requirements. There-
fore, rigorous validation and collaboration with industry partners remain essential for the
successful clinical translation of these findings.

Overall, our results underscore the potential of simulation-based methodologies to
drive future improvements in TM] prosthesis design and ultimately enhance clinical out-
comes. Future studies with a larger patient cohort will be critical to further explore these
parameters and validate the clinical applicability of our simulation approaches. Neverthe-
less, our results suggest that simulation-based approaches have the potential to enhance
clinical outcomes by enabling more personalized treatment strategies and improving the
design of custom-made TM] prostheses.
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